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PREFACE. 



The following treatise has been in'cpared to siij)ply the 
existing need of u coinpreliensive manual of practical in- 
formation concerninjjf r()pe-dnviniran<l the principles upon 
which the practi<?e rests. 

In its preparation free use has been made of whatever 
literature could be found relating to the subject, and refer- 
ences for further investigation are c^iven in foot-notes 
throughout the work. 

Most of the data, however, have been collected by the 

writer, who desires to a<*knowledge his indebtedness to 

those who Imve assisted in the work bv furnishinir infor- 

niation and drawings. Especially to be mentioned art* y\r. 

C. W. Hunt, the well-known authority upon tliis subject ; 

and Mr. Spencer Miller, long identiruMl witli the practice 

of rope transmission. 

J. J. Flatukk. 
Lakayette, Ind., Oft. 1S95. 
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CHAPTER I. 

Although toothed gearing and belts are the most fa- 
miliar mediums for the transmission of power in mills and 
factories, systems of rope transmission for this purpose 
have been in use for many years, but it is only within the 
last ten years that they have given promise of being gen- 
erally recognized in this country as a convenient and effi- 
cient means of accomplishing the ends for which they were 
designed. Until about fifty years ago it was generally 
thought by engineers that cotton- and woollen-mills, and 
all others requiring a considerable amount of power, could 
not be run effectively without large and ponderous lines of 
upright and horizontal shafts of either cast or wrought iron 
and heavy trains of gear wheels. 

When large leatlier belts began to be introduced as a 
substitute for gears it was thought to be an experiment of 
very doubtful result, if not altogether impracticable;* but 
when high speeds and lighter shafting were used in con- 
junction with the wide belts, the marked success whicli at- 
tended tlieir general adoption in America during the next 
twenty years attracted considerable attention in England. 
It was not, however, until about thirty years ago that the 

* Journal Franklin Inst., 1837. 
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American system began to replace the old-fashioned gear- 
ing. The belt system made very slow progress in England, 
however, and before it had been at all extensively adopted 
a newer method was introduced and quickly, came into 
prominence, making such rapid progress as to almost en- 
tirely supplant the old wheels. 

The use of hemp rope for power transmission had been 
revived about 1860 by the Messrs. Combe & Barbour of 
Belfast, who introduced it successfully into small mills in 
the north of Ireland. This was followed by its speedy 
adoption in the jute-mills of Dundee, and subsequently in 
the cotton-mills of England. 

Previous to this, fibrous ropes had been in use for trans- 
mission purposes, but their application had been limited. 

At the Colonial Rope Factory at Great Grimbsy, in Lin- 
colnshire, from 1830 to 1837, ropes had been employed for 
taking off the power from the engine and communicating 
to the first motion shaft. The plan was very commonly 
adopted in connection with rope-works, where the driving 
rope employed was known as the fly-rope for working the 
equalizer from end to end of the ropewalk. The machin- 
ery in connection with the flax-spinning mills at the same 
place was also driven by means of rope gearing.* 

Eopes were also used in this country many years before 
their more general adoption in England which followed the 
movement introduced by Messrs. Combe & Barbour. In a 
recent communication, Mr. Samuel Webber states that he 
remembers the occasional use of rope-driving for temporary 
purposes *^back in the forties." In one case he mentions, 
power was carried from a small engine outside through a 
window into a mill to grind cards before the wheels and 
main belts were ready. 

The use of ropes, however, was not common, and it has 

♦ Mr. W. Smitli, Proc. I. M. E. 1876, p. 393. 
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only been in recent years that rope-driving has come into 
prominence as a factor in power transmission. 

By this system, according to one of its earlier promoters,* 
Mr. Jas. Dnrie, large powers were transmitted "by means 
of round ropes working on grooved wheels, which in some 
parts of this country [England] have been largely sub- 
stituted for toothed gearing. In this mode of driving, the 
fly-wheel of the engine is made considerably broader than 
the fly-wheel of an engine having cogs on its circumference; 
and, instead of cogs, a number of parallel grooves for the 
ropes are turned out, the number and size of which are 
regulated by the power to be taken off the fly-wheel. The 
power which each of the ropes will transmit depends upon 
their size and the velocity of the periphery of the fly-wheel.'' 

As rope-driving has, until recent years, been a matter 
largely of experiment, the results which have been obtained 
from its use have not always been of uniform excellence, 
mainly, however, because designers have failed to properly 
recognize the requirements. 

As the conditions under which the svstems were installed 
have been so varied, it is not sur})rising to find many cases 
where the ropes have been rapidly worn out and replaced 
by leather I citing, or other methods of transmission; but 
where rope-driving has been tried and has failed, investi- 
gation will invariably show the absence of suitable condi- 
tions or a disregard of correct principles of design or con- 
struction. In many a;^plications too great a strain is put 
upon the rope, and the stretch and wear are rapid; in ad- 
dition to this, the pulleys are often of unsuitable size, and 
the rope is unnecessarily weakened through the action of 
the fibres upon one another. Both of these causes are a 
constant source of annoyance in a rope-drive which has 
been poorly designed or constructed. A case in point can 



* Proc. I. M. E. 187^ 
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be shown where a rope would stretch to siich an extent 
that it had to be taken up every few days wlien new, and 
later every two or three weeks — a rope under these condi- 
tions lasting less than four months. Investigation showed 
that a tension-weight of 600 pounds had been phieed 
upon the rope, which was of i inch diameter. A weight 
of 50 pounds was substituted, and the rope lias since been 
running satisfactorily for three years, and has only been 
taken up once in that time. 

Cases where ropes have suddenly broken are few in num- 
ber, the risk in this respect being reduced to a mininuim 
by the fact that any defect in a rope, arising either from 
wear or other cause, will show itself long before the point 
of danger is reached. 

The ropes by which the power is transmitted consist of 
an elastic substance, and their lightness, elasticity, and 
comparative slackness between the pulleys are highly con- 
ducive to their taking up any irregularity that may occur 
in the motive power. 

Their quiet working and convenience in application, 
much more so than wide belts, are also features which 
caused ropes to be looked upon with great favor. An- 
other reason for its rapid progress in England, which was 
considered a great advantage by the millowners, \vas the 
adoption of the multiple rope, now known as the English 
system, in which a number of single ropes are spliced and 
run side bv side. 

The entire freedom from any risk of a breakdown or 
stoppage of the works which might occur with gearing was 
an important factor in replacing the latter by the newer 
system; the working stress in the ropes being but a fraction 
of their breaking strength, any signs of weakness in an in- 
dividual rope would allow it to be removed, and the engine 
run with the remaining ropes until a convenient oj^portu- 
nity offered for the replacement of the weak member. 
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One of the great advantages of rope-driving over gearing 
lies in the steady motion produced, but this has been at- 
tributed more to an accidental combination of heavy fly- 
wheel and high velocity than to any inherent advantage in 
the system itself. 

In spur gears diameters of 20 to 24 feet were usual in 
large engines, while for ropes the pulleys are 25 to 35 feet 
in diameter; and, whereas the gears weighed from 20 to 25 
tons, we find rope pulleys used for the same work weighing 
from GO to 75 tons.* 

When we consider the speed at which these heavy wheels 
are run — from 3000 to GOOO feet per minute — it is not 
surprising that uniform rotation is obtained; and whether 
it be that the energy stored in the moving mass prevents 
fluctuation, or whether the elasticity and other properties 
of the rope perform the same office, or — which is more 
reasonably the case — all of these factors act together, the 
truth remains that steadier running and a greater output 
are now obtained with rope-driving than was formerly the 
case with toothed gearing. 

The general experience is not altogether in favor of ropes, 
for, while the advantages of smooth running and easy 
handling are conceded, it is also acknowledged that the 
extra weight and greater width of pulleys increase the 
journal friction over that found with toothed gearing, and 
that otherwise a greater loss of power occurs, the causes of 
which will be discussed subsequently. 

* The Walker Mauufacturing Co. of Cleveland recently made four 
large rope piil'eys for the Broadway Cable llailway Company, Newr 
York, which weighed 104 tons each. These were 32 feet in diameter 
and were grooved for thirty-four 2-inch ropes. 

Another example of heavy rope wheel is given in London Engin- 
eer, January 11, 1884. This wheel was made by Hick, Hargraves «fc 
Co , Bolton, England, for a cotton mill in India, and is 30 feet in 
diameter, 15 feet face, grooved for 60 ropes to transmit 4000 horse- 
power. Its weight is 140 tons. 
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It is difficult, however, to determine the relation between 
the power absorbed by ropes and gears, for in nearly all 
eases where rope-driving has been substituted for gears, 
other changes have been made at the same time, or the 
engines were, after the alteration, driven at an increased 
speed, so that there has been little opportunity for com- 
parison. There is, however, a generally -accepted opinion 
among engineers that the loss in rope-transmission is from 
5 to 10 per cent greater than with gearing. 

Mr. A. G. Brown* states that in the older cotton-mills of 
England, where the main drives are by gearing, and belting 
is used for the intermediate and machine driving, the fric- 
tion of the engine, shafting, gearing, and belting averages 
about 20 per cent of the whole power, the engine develop- 
ing at full loads from 500 to 800 I. H. P. 

These engines were compound condensing, and consisted 
in each case of an overhead beam engine which had been 
converted into a compound by the addition of a high-press- 
ure cylinder between the crank and beam centre. 

In the newer mills, for doing practically the same work, 
and where the main and some of the intermediate drives 
are by ropes, the friction of the engine, ropes, shafting, and 
belting averages 23 to 25 per cent, of the whole power, the 
engines developing from 800 to 1500 I. H. P. It is fair to 
assume that the newer engines have at least no greater per- 
centage of friction than the older ones, except that due to 
an increased journal friction attributable to the larger 
journals and greater weight of the rope-pulleys ; also the 
friction of the intermediate shafting and small belts should 
be the same in each case ; therefore it is reasonable to con- 
clude that the increase of power absorbed by the use of 
rope-driving is chargeable to the system itself. Tlie writer 
has assumed in similar cases that the loss at the engine in 

* American Machinist, July 21, 1888. 
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rope driving is about 10 per cent of the indicated horse* 
power, that an additional 10 per cent is absorbed by the 
mill-shafting, and that from 5 to 8 per cent may be at- 
tributed to losses in the rope itself due to resistance to 
bending, wedging in the grooves, differential driving effect, 
and creep, all of which affect the loss to a greater or less 
extent. As compared with the above, the friction of shaft- 
ing and engines in American cotton-mills, where belting is 
used exclusively, indicates that the percentage of loss 
where large belts are employed is probably a trifle less than 
that obtained with ropes in English mills ; but the condi- 
tions of practice are so varied that it is difficult to compare 
the two systems from published results of tests. As shown 
on page 155 for similar installations, the loss absorbed in 
shaft-friction will not materially differ in the two systems ; 
for large transmissions the engine friction should be less 
with ropes, but the losses in the ropes themselves due to 
alip, differential driving, bending, creep, and other causes, 
may, without special precautions, exceed to a small degree 
the losses due to the belt. 

Mr. J. T. Henthorn, in a paper read before the American 
Society of Mechanical Engineers, states that the friction of 
the shafting and engine in a print- mill should not exceed 19 
per cent of the full power; but out of fifty-five examples of 
a miscellaneous character which he has tabulated only seven 
cases are below 20 per cent, 20 vary from 20 to 25 per 
cent, fifteen from 25 to 30 per cent, eleven from 30 to 35 per 
cent, and two above 35 per cent. We note that the greater 
number lies between 20 and 25 per cent; allowing a varia- 
tion of 5 per cent each side of these limits we shall obtain 
values from which a fair average may be determined. This 
will include those cases under 20 per cent, but not those 
over 30, from which we find the mean loss to be 23.9 per 
cent of the total power. 

Mr. Barrus, speaking of this subject, quotes eight cases, 
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the data of which were obtained from tests made by him- 
self in various New England cotton-mills, in which the 
minimum percentage was 18 and the maximum 25.7, the 
total average being 22 per cent. 

Mr. Samuel Webber states that 16 per cent of the total 
power of a mill is sufficient to overcome the friction of 
shafting and engine — 10 per cent for the shafting and 6 
per cent for the engine. But in this estimate Mr. Webber 
does not include the loss due to the belts running upon 
loose pulleys, which he does not consider to be part of the 
shafting, as they are not so running while tlie machinery 
is in operation ; and when it is not, they may be thrown off 
as well as not, except for convenience. 

He further estimates, both from his own experience and 
the observations of others, that the power consumed by the 
machine belts on the loose pulleys in a large cotton-mill 
is about 8 per cent of the whole. This 8 per cent 
added to the 16 per cent loss due to shafting and engine 
will give 24 per cent of the total power — a result which 
agrees closely with the average values given above.* 

Considering the greater loss which occurs in the use of 
ropes and belts for main drives, the recent revival of gear- 
ing for this purpose in England has much in its favor. 
Of this Mr. Geo. Richards states :f "The advantages of 
rope transmission for main drives in large plants would 
not be as apparent if compared with modern gearing. 
The kind of gear used for this purpose to-day is not 
the rough cast gear used formerly, whose uneven motion 
produced a rumbling which could be heard a mile or two 
from the mill. The present gears are often machine-cut, 
made to bear equally on each tooth, and with a contact 

* See •' DTnamometers and the Measurement of Power,'* John 
Wiley & Sons, New York. 

tBicbaxd8*s '* Mechanical Progress/' 1891. 
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across the whole face of the gear, causing little more noise 
than the ropes. 

With greater speed and stronger and heavier gears steady 
running is insured, and by using properly-proportioned 
machine-cut teeth comparatively little noise results. The 
saving of space is also an important factor advanced in 
favor of gearing.** At the present time steel gears 30 feet in 
diameter are being made, with all the teeth cut, for trans- 
mitting the powers of mill-engines in the Oldham district, 
while in this country machine-cut gears from 30 to 50 feet 
in diameter are in use. 

However, although such gearing may be very superior 
to the former slow-running cast gears, it is questionable 
whether it can ever produce the same steadiness of running 
which is so largely a distinguishing feature of rope-trans- 
mission. Any shock or sudden fluctuation of load must 
necessarily be transmitted through the gear teeth, whereas 
with rope transmission such shock is partially absorbed by 
the more or less elastic ropes and subsequently given out 
by their recoil. 

For this reason when uniformity of speed is desired 
ropes are generally to be preferred to gears, even when the 
latter are working under their most advantageous con- 
ditions. 
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CHAPTER II. 

Where ropes have been used to replace gearing in the 
English mills the plan adopted has been to put in a new 
grooved fly-wheel, or to place grooved segments upon the 
existing fly-wheel, when the speed could be increased suflB- 
ciently to allow of a limited number of ropes beiug em- 
ployed, and the width of the wheel-pit was also sufficient 
for the purpose ; but if this plan could not be adopted 
grooved pulleys were put on the intermediate shaft, and the 
ropes carried to the different stories of the mill. It has 
sometimes been necessary to put in a countershaft, so as to 
gain speed and obtain a sufficient distance between the 
centres of the shafts on which the pulleys are placed. 

Where rope-driving has been installed in new factories 
special provision has been made for the ropes, and we find 
in such cases rope-wells or chambers built in, suitably fitted 
with platforms and staircases to give access to pulleys and 
bearings on the various shafts, as shown in Figs. 1 and 2. 

The majority of drives are arranged so that the ropes are 
horizontal or inclined rather than vertical, and with the 
driving or tight side of the rope on the lower side of the 
pulleys ; then, when transmitting power, the two sides ap- 
proach each other, and the arc of contact is increased. 

An additional advantage is that obtained by the weight 
of the rope acting on both pulleys, thus allowing a low 
initial tension to be maintained. This does not hold for 
short distances between centres, as under such conditions 
the weight of the rope adds little to the total tension; on 
the other hand^ where the distance between the pulleys in 
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vertical drives is small, the relative weight of the rope be- 
ing small as compared with its tension, there will be little 
tendency for the rope to leave the bottom sheave. 

With these conditions the eflBciency of vertical drives 
will approach that of a horizontal or inclined arrangement 
of ropes. 

The manner of distribution of the power to the several 
floors of a mill is shown in Fig. 1, which represents a 
plant designed by Messrs. Lock wood & Greene of Boston 
for the Lanett Cotton Mills, West Point, Ga., in which 
1100 h. p. is delivered from the engine by means of twenty- 
six 1 J-inch ropes. The fly-wheel is 26 feet in diameter, and 
makes 60 revolutions per minute, corresponding to which 
the velocity of the rim is 4900 feet per minute. As will be 
seen from the figure, the driving-sheaves are placed in a 
well in the middle of the factory, and the line-shafts ex- 
tend to the right and left, as shown. 

There is no line-shaft on the second floor, as the various 
machines may be driven from below. 

The distribution is as follows : 

Rope-drives in Lanett Cotton Mills. 



Ist floor. 
3d floor. 
4tli floor 



Xumber 


Dia. of 


Dia. of 


of 


Rope. 
Inches 


Pulley. 


Ropes. 


Inches. 


8 


u 


81 


7 


u 


62 


11 


u 


63 



Revolutions 

of Pulley 

per minute. 



231 
302 
302 



Horse- 
power. 



336 
294 
462 



A similar plant, also designed by Messrs. Lock wood & 
Greene, has been recently erected at the Naumkeag Cotton 
Mills, Salem, Mass., in which 1800 horse-power is distrib- 
uted to five floors by means of forty-one IJ-inch manilla 
ropes.* The fly-wheel is 26 feet in diameter, by about 9^^ 



* Pouter, March 1895. 
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feet face, and weighs 150,000 pounds. The velocity of the 
ropes is the same as in the previous instance, namely, 4900 
feet per minute. The distribution is as follows: 





Number of 
Ropes. 


Did of 
Rojie. 


Speed of Rope. 


Horse- 
power. 


Ist floor 


13 

14 

4 

5 

5 


1 finches. 
• • 

<< 
II 


4900 ft p. m. 
• > 

<« 

<i 
•« 


585 


2d *• 

3d •• 

4th •' 

6th " 


630 
180 
225 
225 


Total 


41 




1845 



A system of main driving-gear designed and erected by 
John Musgrave & Sons at the Atlas Mills, Bolton, Eng., is 
shown in Figs. 3 and 3. This mill is 300 feet long by 135 
feet wide, with a shed on one side 325 feet long by 45 feet 
wide, and contains 84,000 spindles. 

The engines are tandem compound, 24 and 46 by 6 ft. 
stroke, and run at 50 revolutions per minute. The average 
horse-power is 1050. The rope-wheel is 32 feet in diameter 
and is grooved for thirty-two IJ-inch cotton ropes, which 
run at 5026 feet per minute. 

The arrangement of shaft is as follows: On the ground- 
floor there are five linos of shafting, the main shaft being 
driven from the rope-drum by means of ten ropes If inches 
diameter running on a pulley 9 feet 4 J inches in diameter, 
which runs 170 revohitions i)er minute. 

On the main shaft, close to the wall of the rope-well, is 
a pulley 6 feet diameter, grooved for four IJ-inch ropes, 
which drives, through a similar-sized pulley, the line-shaft 
on the right. Tliese ropes run at a velocity of 3205 feet 
per minute; also on the main shaft, but on the opposite 
side of the rope- well, is another pulley, 8 feet diameter, 
grooved for six l|-inch ropes, driving on to a pulley 64^ 
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iDcbes diameter on the first line-shaft to the left of the 
main shaft. This shaft runs 250 revolutions per minute, 
corresiKiuding to which the speed of the ropes driving it is 
4274 feet per minute. 

The second line-shaft on the left is driven from the first 
one by means of a pair of pulleys 4 feet diameter, grooved 
for five IJ-iuch ropea. This second shaft runs 250 revolu- 
tions per minute, and the ropes driving it have a velocity 
of 3140 feet per minute. 

The second line-shaft, mentioned above, drives the line- 
shaft in the shed by means of a pair of pulleys 4 feet di- 
ameter, grooved for four li-inch ropes, driving the counter- 
shaft shown on plun, on which is a pulley 3 feet 4 inches 
diameter, grooved for five li-inch ropes, driving on a 3-ft. 
pulley on the shed line-shaft. These rojies have a velocity 
of 2640 feet per minute and give to the shaft 2T8 revolu- 
tions per minute. 

All of the shafts described are on the ground-floor of the 
mill. Of the shafts above this, on the next two floors, the 
line-shafts each luive pulluys C feet in diameter, grooved for 
seven 13-inch ropes, driven from the main rope-dnim, 
Tliese shafts run at 2li0 revolutions jier minute. The 
shaft on the upper floor also runs 200 revolutions per min- 
ute and is driven from the main rope-drum through a pul- 
ley C feet in diameter grooved for eight Ij-inch rojws. 

The distance from the centre of upper shaft to the cen- 
tre of crank-shaft id 6i) feet, and the length of each rope re- 
quired for this drive is about 2J0 feet. 

Another arrangement of rope-drive for cotton-niills U 
shown in Fig. 4, which represents a section through the 
engine-room at the tJiread-mills of the Nevsky Cotton- 
Spinning Co., St. Petersburg.* In this drive there is no 
rope-chamber, as the whole of the rope gear is contained 

" Jubn Musgrave 4 Sons, engineers. 
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in the engine-room situated in the centre of the mill, which 
is 680 feet long and 90 feet wide. 

There is a short staircase from the engine-room floor to 
the first landing, and the landings above this are reached 
by an ornamental spiral stairway as shown. 

There are two shafts, one from each side of the engine- 
room; these are driven by a pair of right- and left-hand 
tandem compound engines, 30 and 52 by 6 ft. stroke, run- 
ning at 50 revolutions per minute. 

The average power developed by each engine is 1100 
horse-power. 

The rope-drums are each 30 feet in diameter and weigh 
62 tons; these are grooved for twenty-eight If cotton ropes, 
which run at 4700 feet per minute. 

The first-and second-floor shafts make 300 revolutions 
per minute, and are each driven by nine If-inch ropes from 
the rope-drum running over pulleys 5 feet in diameter on 
the shafts. 

The shafts on the third and fourth floors run 200 revo- 
lutions per minute, and are driven by five ropes, each 1} 
inches diameter, running over 7 feet 6 inch pulleys on the 
shafts. 

In each of the two upper rooms there is a second line- 
shaft, driven from the main line-shaft on each floor by 
means of 54-inch pulleys, grooved for four l^-inch ropes, 
which have a velocity of 2826 feet per minute. The 
distance from the centre of the upper shaft to the 
centre of the crank-shaft of engine is 56 feet 6 inches. 
This is a short drive for a mill of this size; in fact, all of 
the drives are short, the lower one especially so, being only 
30 feet between centres, the peculiar arrangement of the 
engine-room not admitting of a greater length; but the 
plant is said to work extremely well. 

In these examples the multiple-rope system is used, each 
wind consisting of a separate rope stretched ai'ound the fly- 
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Fig. 5. 




wheel and its individual shaft-pulley, then spliced. The 
degree of tightness will depend upon the material of the 
rope and the amount of tension in the slack part necessary 
for adhesion. In the majority of cases the initial tension 
is very small compared with the strength of the rope — es- 
pecially so where the horizontal distance between driving 
and driven pulleys is great, as, under such conditions, the 
tension in the slack side due to the weight of rope in the 
hanging catenary is often sufficient to prevent slipping; a 

slack upper rope in horizontal 
or inclined drives will also 
incrciise the arc of contact, 
thereby increasing the grip 
of the rope. 

This is shown in Fig. 5, 
which represents two pulleys 
of equal diameter, arranged, 
as in the upper figure, to 
drive with the slack side uppermost, and, in the lower 
figure, with the slack side below. 

The difference in the arc of contact, as shown in the 
figures, is 60 degrees, which would under similar con- 
ditions, with a velocity of 4000 feet per minute, produce a 
difference of over 25 per cent in the amount of horse-power 
transmitted by the two ropes under the usual working 
tension. 

New cotton ropes are often stretched as taut as possible 
on account of their extensibility, as they will soon become 
slack enough for good working, and may even have to be 
respliced before becoming permanently set. 

It is the practice of some engineers to strain both manilla 
and cotton ropes as much as possible and unite the ends 
with a temporary short splice when first put over the pul- 
leys; after running a few days a permanent stretch is given 
to the rope, which is then respliced with a long splice, the 
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strain on the rope being very much reduced in this latter 
case. 

The splice in a transmission rope is not only the weakest 
part of the rope, but is the first to fail when the rope is 
worn out. If the joint is not strong the rope will fail by 
breakage or pulling out of the splice, the projecting parts 
will wear on the pulleys, and the rope fail from the cutting 
off of the threads. Formerly much trouble was experienced 
in this way on account of improper splicing. One form of 
joint, according to Cromwell,* was made by pressing the 
ropes firmly together and winding about with stout small 
rope. The spliced part is taken as long as possible in order 
to bend properly over the pulleys and give the required 
strength. As this form of joint made the rope larger in 
diameter at the splice, the effect produced was to run 
faster when passing over the driving-sheave and slower 
over the follower; the resulting motion was very irregular, 
and the wear at the splice rapidly destroyed the rope. 

A very simple splice is sometimes used with rope-driving 
formed by opening out the ends of the rope for 12 or 15 
inches and tying together the individual rope-yarns one 
by one, allowing the ends to lie straight, and serving the 
whole with spun yarn. 

Similar joints wrapped with raw-hide belt-lacing give a 
very smooth splice which lasts well. 

Some engineers favor a short splice, in that it is easily 
made and holds well, and offers a lesser length of enlarged 
portion for surface contact with the pulley. 

If properly made, however, there need be no enlarged 
portion, and since a long splice is stronger we find such 
joints preferred in most cases. 

There are several kinds of long splices varying in length 
from GO to 80 diameters of rope, but the one which seems 

* J. H. Cromwell, " Belts and Pulleys." John Wiley & Sous. 
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to give the best results in practice is the " English splice/* 
directions for which are given in various trade publications. 
The successive operations for splicing a Ij-inch rope by 
this method are as follows: * 

1. Tie a piece of twine, 9 and 10, Fig. 6, around the rope 
to be spliced about six feet from each end. Then unlay 
the strands of each end back to the twine. 

2. Butt the ropes together and twist each corresponding 
pair of strands loosely, to keep them from being tangled, 
as shown at (a), Fig. 6. 

3. The twine 10 is now cut, and the strand 8 unlaid and 
strand 7 carefully laid in its place for a distance of four 
and a half feet from the junction. 

4. The strand 6 is next unlaid about one and a half feet 
and strand 5 laid in its place. 

5. The ends of the cores are now cut off so they just 
meet. 

6. Unlay strand 1 four and a half feet, laying strand 2 
in its place. 

7. Unlay strand 3 one and a half feet, laying in strand 4. 

8. Cut all the strands off to a length of about twenty 
inches, for convenience in manipulation. The rope now 
assumes the form shown in (b), with the meeting-points of 
the strands three feet apart. 

Each pair of strands is now successively subjected to the 
following operations: 

9. From the point of meeting of the strands 8 and T 
unlay each one three turns; split both the strand 8 and 
the strand 7 in halves, as far back as they are now unlaid, 
and the end of each half strand "whipped" with a small 
piece of twine. 

10. The half of the strand 7 is now laid in three turns, 
and the half of 8 also laid in three turns. The half strands 

♦ From ** Manilla Rope," C. W. Huut Co., New York. 
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now meet and are tied in a simple knot 11, (c), making the 
rope at this point its original size. 

11. The rope is now opened with a marlinspike, and the 
half strand of 7 worked around the half strand of 8 by pass- 
ing the end of the half strand through the rope, as shown, 
drawn taut, and again worked around this half strand 
until it reaches the half strand 13 that was not laid in. 
This half strand 13 is now split, and the half strand 7 
drawn through the opening thus made, and then tucked 
under the two adjacent strands, as shown in (d), 

12. The other half of the strand 8 is now wound around 
the other half strand 7 in the same way. After each pair 
of strands has been treated in this manner, the ends are 
cut off at 12, leaving them about four inches long. After 
a few days' wear they will draw into the body of the rope 
or wear off, so that the locality of the splice can scarcely 
be detected. 

For a three-strand rope of the same size the foregoing 
method is slightly modified. After tying the twine 9 and 
10 around the rope about 6 feet from each end, unlay the 
strands back to the twine, bring the butts together, and, 
as in Fig. 7, twist the corresponding strands loosely together. 
Now cut twine 10, and unlay strand 8 for a distance of 
four and a half feet from the junction, and lay in strand 
T. Unlay strand 1 four and a half feet, lay in strand 2, 
and cut all the strands off to a length of about 20 inches, 
as before explained for convenience in handling. The 
splice now assumes an appearance similar to (b) with the 
exception that there are only three meeting-points of the 
strands, and these are 4A^ feet apart. 

Each pair of strands is now subjected to the series 
of operations described for the 4-strand splice in steps 9 
to 12 inclusive. 

In splicing a Lambeth cotton rope the operation is modi- 
fied to a still greater extent. 
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Although considered as a troublesome rope to splice, the 
following instruclioiis,* if carefully followetl, will enable 
otie to make uit excellent joint without d iffictilty. 

1, Tie a piece of twine »nd 10 around the rope to be 
Epiiced about C foet from each end. Tlicn nnlay two 
strands together of each end back to the twine. Bntt the 




ropes together and tie each set of strands temporarily, as 
sliown at Fig. A. 

3. The twine 10 is now cut, and the strands 6 and 8 
unlaid together, and the stnmds Ti and T carefully hud in 
their places together for a distance of 18 inches. Then 
nnlay strands G and 8, aleo 5 and 7, and tie strands and 
o together temporarily. Next unlay straTid ~ and lay in 
strand 8 in its place for a distance of -i feet from strands U 



•Prepared for this work by Uie MnniifBClurers' Engineering Co,, 
Boston, Mass, 



and 5. Theu tie etrauds 3 and 1 temporarily. Next cut 
oft the ends of the core so that they will butt together, 
t^trands 1, Z, 3, and 4 are next laid in the juuie manner as 




strands 5, G, ~, and S, but in the opposite direction. Oi 
mitst be talfeii to keep the turns In the strands, or otberw 
liu'j will be soft and htilky. Kext cut off all the strui 




to a length of about 24 inches, for convenience in handling, 
At this point the splice should be as shown in Fig, B, 
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The tension stnind of a Lambeth cotton rope is the soft 
white yarn running through the centre of the strand, 
and is called the tension strand through its having to 
bear the strain put upon the rope in the transmission of 
power. 

The friction bands of a Lambeth rope are the twisted 
outside yarns which are tubed around the tension strands 
to protect them from wear and contact in the grooves of 
the pulley. 

3. Take strand 2 and U!ilay it two turns and remove the 
ten friction bands, then hiy in tension strand 2 back again 




Fig. D. 



one turn, split out { of tension strand 2 and lay in the re- 
maining J of tension strand 2 for one turn. This will 
bring it to its former position. Remove the ten friction 
bands from strand 1, and tie tension strand 1 and J of 
tension strand 2 in a simple knot. At this point of the 
knot the rope will be its original diameter, as shown in 
Fig. C. 

4. Divide the friction bands removed from strand 1 in 
two parts, and take J of tension strand 2, put it between 
the two i>arts and over tension strand 1 and through the 
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centre of the rope with the niarliuspike. Next take ten- 
eion strand 1 and work it around tlm J of tenBion-«trand 3 
in the manner as shown at Fig. D. 

5. Draw it taut and continue to work it around j of ten- 
sion strand 2 until it reaches the } of tension strand 2; 
at this point J of tension strand 1 must be removed, and 
continue to work J of teueion etrund I around tension 
Btrand 3 until it reaches the friction bunds removed from 
strand 2; divide these friction bands in two parts, and take 
J of tension strand 1, put it between the two parts and 




over tension strand 2, and through the centre of the rope 
with the marlinspike. Next take the quarter of tension 
strands 1 and 2 and pass them through the centre of the 
rope on opposite sides with the marlinspike. TJien half 
of the friction bands ahonid be passed tiiroogh the centro 
of the rope at each end with the spike. At this point 
the splice is complete, with the exception of cutting off 
the ends, and should be as shown at Fig. K. 

C. The strands 3, 4, 5, G, 7, and 3 should be worked in 
the same manner us 1 and 2. 

Instead of using the ordinary marlinspike it will be 
found very convenient to drill out tbc body as shown in 
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Pig. 8, leaving only a thin shell four or five diameters 
deep. 
By inserting the end of a strand in the bore of the mar- 




Pro. 7.— ROPE-SPLICIHO, 

linspike the latter, with tlie strand, may be passed throngh 
and around the other strands ae desired with much less 
trouble than ordinarily attends the operation. 




Fro. 8.— Improved Form op Marlinsptkb. 

For small braided ropes which cannot be spliced, a 
very convenient method of joining the ends is by the 
use of copper ferrules as shown in Fig. 9, which repre- 




Fio. 9.— CorPiiiNG FOR Braided Rope. 

sonts a form of joint devised by Mr, B. Frank Barnes, 
Kockford. 111. 
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Samples of this splice were furnished by Mr. Jos. 
Burnett, which showed an efficiency of about 85 per cent. 
Thus in two samples the average breaking strength of the 
rope was 380 and 375 pounds respectively, while the splice 
pulled out under a strain of 320 pounds. 

In this case the rope was a §-inch braided cotton cord 
which had been in use about three years. The coupling 
consists of a piece of copper tubing 1 inch long, into one 
end of which the rope is inserted about half way. A 
groove is then compressed around the tube and rope, by 
means of a special tool; the open end of the tube is then 
filled with sealing-wax and heated until the wax boils, 
then the other end of the rope is inserted, and the tube 
compressed. The melted wax fills the end of the rope, 
making a solid joint between the shoulders. With the 
large pulleys adopted (22 to 48 inches in diameter) no 
trouble is experienced, and the ropes last from two to 
three years, but the copper ferrules are changed about 
every four months. 

Wood pulleys are used, and the grooves are filled with 
leather. Some of these ropes run as high as 5300 feet per 
minute. All the ropes are operated on the American or 
continuous wind system. 
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CHAPTER III. 

A GOOD example of this system of rope transmission is 
shoTFn in Fig. 10, which represents a plant designed by 
Mr. T. Spencer Miller, and erected for the Western Electric 
Company, New York, by the Link Belt Machinery Co. 
In this case vertical ropes are used, which are arranged to 
transmit the power of two 200-h. p. Russell engines, 
cylinders 18 by 27 inches, making 125 revolutions per 
minute; fly-wheels 10 feet diameter, each turned with 
eight grooves for 1^-inch rope. The ropes are of raw- 
hide and wound continuously around the pulleys. As the 
rope leaves the fly-wheel at the left-hand side it runs over 
an idler, and from thence to a tension-pulley, or tightener, 
which is suspended in such a manner as to be drawn back 
by the weights, as shown. The arms which support the 
tighteners are hung from rollers, which are grooved to fit 
the surface of a section of extra heavy wTought-iron pipe, 
upon which they roll. From this tightener the rope 
passes direct to the right-hand groove of the pulley on the 
main shaft above the engine, the tightener-pulley being 
inclined sufficiently to make the bottom come in line with 
the left-hand, while the top comes in contact with the 
right-hand groove. 

The main pulleys which drive the shaft above the 
engines are mounted upon and keyed to sleeves 10 inches 
diameter, which extend out on each side far enough to 
form journals, by which they are supported in pedestals 
independently of the shaft (see Fig. 33). Through the 
sleeve is a hole considerably larger than the shaft which 
passes through them and which is supported by separate 
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pedestals. One end of each sleeve is so formed as to 
make, in connection with a sliding collar which is on the 
shaft, a positive interlocking clutch, which can be thrown 
in or out by a lever. In this way both engines may be 
working at the same time, or the shaft may be run by 
either engine alone, the other pulley standing and impos- 
ing no friction upon the shaft. All the bearings of this 
shaft are adjustable laterally by set-screw and vertically by 
wedges. The other large pulleys upon this shaft are 
driven by friction-clutches, and are used for driving dyna- 
mos, each pulley driving two dynamos arranged tandem, 
one belt running over the other. This shaft runs at 220 
revolutions and is 4^ inches diameter. At one end of the 
main shaft is a pulley having twelve grooves, in which run 
two ropes side by side to the top of the building and 
around the various pulleys down again. Either of these 
ropes is calculated to be amply strong for the work, but 
two are used to avoid the necessity for stopping should 
one break. Each of them winds three times around the 
pulleys, thus giving six driving-strands. To avoid crowd- 
ing, the tightener for one of these is placed upon the floor 
above the other. The ropes pass from the main pulley 
three times around the pulley above and then go to the upper 
floors, as indicated. From the shafts, the wood-working 
machinery, blowers for the foundry, and some of the eleva- 
tors are operated; the other lines being used for driving 
light machine tools, such as are used in making electrical 
apparatus. 

Each floor has a cut-off coupling, whicli is so arranged 
that in case of accident it can be cut off at a minute's 
notice, or when running overtime any floor can be cut off. 
thus saving the cost of running any more machinery than 
is necessary. 

The use of the ten si on -carriage plays an important part 
in the American system of rope transmission. As usually 
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made it is automatic in its operation aod so weighted ae 
to give a constant tension to the rope, as indicated in 
Fig. II. Ill this arrangement an initial tension is given 




Fio. 11. — Automatic Tightener for Rofb Traksmission. 



and maintained by the antomntio ten si on -carriage, which 
is free to move backward or forward on a horizontal track 




Fig. 13.— Tbksion 



Rs the load changes or the rope stretches, always taking 
np the slack and maintaining the proper tension. An- 
other fonn of tension-carriage is that shown in Fig. 13. 
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In this case the carriage is tnoimted on gae-pipe or solid 
shafting, and is provided with ball bearings arranged with 
cast pockets so that the balls are allowed to circulate 
lengthwise of the beariDgs. 

An arrangenieut of light angle-iron tracks supporting a 
four-wheeled carriage is used to a considerable ezti tit and 
makes an excellent tightener where it can be 
employed, as it is cheap and readily set up. 

It is obvious that vertical tensions may be 
arranged in a similar manner to those shown 
in Figs. 11 and 13. In such cases the weight 
may be suspended directly from the carriage or 
even the sheave, us in Fig. 13, or it may be led 
off in any desired direction either above or 
below the tightener-pulley. The tightener 
pulley is often inclined from tho vertical, so 
that its projection is equal to the width of the 
driving pulley, in which case it not only serves 
to maintain a constant tension in the rope, bnt Fm. 18. 
it thus acts as a guide to conduct the rope from one groove 
to another. 




Fia. 14.— HOPE-TIOHTENEE. 



A modification of the usual belt-tightener is sometimes 
nsed for rope drives, as shown in Fig. 14, but this, it will 
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be noticed, is positive in action and is only used to increase 
the tension on the ropes as the latter become extended 
with use. 

In the same way the tightener shown in Fig. 15 * is 
used to take up any slack that may occur in the rope. 

In this case the tightener-pulley T is mounted on 
a standard free to slide in the bottom guides O, A 
weighted lever L is connected to the pinion-shaft S by 
means of a ratchet-wheel and pawl (not shown in the 
figure). On the other end of this shaft and rigidly con- 
nected to it a pinion meshes with the rack R upon one of 




Fig. 15. — Dyblie's Rope-tightener por Dvnamos. 



the guides and causes the standard and tightener-pulley 
to move along the base and thus automatically take up the 
slack as it occurs. A detent, D, in the carriage catches 
in the teeth of the rack and prevents the tightener from 
slipping back. It is evident that any form of adjuster 
which will not allow the tension-pulley to move in both 
directions — either back and forth or up and down — does 
not maintain a uniformity of tension; as the humidity in 
the air may cause a rope to shrink very materially in a 
short time the tension on the rope will be greatly increased 
if the tightener-pulley is prevented from moving in.f 

♦Patented by J. A. Dyblie, Jan. 14, 1890. 

fMr. Louis I. Seymoor states that in a certain out-door drive at 
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It is a well-recognized fact that atmospheric changes 
affect the length of a rope, which in the preeence of mois- 
ture always coutracts. Experlmeuta have shown that a 
dry hemp rope 25 feet long will shrink to 24 feet upon be- 




Fio. 16.— Tesbioncakriagk wrrn VAniAni.E Arm. 



ing wet.* It is for this reuson thiit. in addition to taking 
lip the shick caused hy variiition in load, provision should 

the Plymnulli CordaEP Conipanj-'s WcirkB in which U-Inch rope in 
used to tranHinil V2n h. p. thp tension Rarriafc i^ drawn in ahoiit 
eight feet l)y the slirinkajte of the ropes durine a iwvere storm j tliat 
in. the n>|>e in ^hc>rteni><I alviut sixtt^n Tcet. Tlif total lenRlh of ropp 
In thinra.sp ix uppniximRtcly HMK) ft<«t. Niiihat the nontractinn is lliua 
alioiit one jwr Cfnt of its tiilal Ifngtb. Tlie mpo used was of 
Hiiiierior (inality inanitla. laid with plumluigo and tallow, otberwiee 
the slirinhngu would have been greatly in excess of the Kinount 
Btateil. 

• Indian Engineer, 1888. 



be made for maiutainiiig a proper tension in the rope 
when the latter is variable in its length, due either to 
atmospheric changes, or permanent elongation as the rope 
loses its elasticity. This variation in length is particularly 
noticeable in rope-drives which arc subjected to exposure 
from the weather. 

An arrangement sometimes adopted with horizontal car- 
riages as a substitute for pulley and hanging weight is 
shown in Fig. IG. In this arrangement the tail-rope, 
usually of wire, is wrapi>ed around and secured to a 
grooved pulley-sheave keyed to a shaft which is fixed in 
position but free to rotate. A weighted lever is secured 
to the shaft by means of a set-screw and maintains a ten- 
sion on the ropo by virtue of its moment. It will readily 
be seen that this tension will not bo constant, for the 
effective lever-arm of the weight, and hence the pull on 
the tail-rope, will vary with the position of the lever; thus 
in its normal position with the lever horizontal the tension 



moves either in or out on its guides the lever will 
cw pogitiou as shown iu dotted lines, in which 

PR' 

case the tension will now bo 7"= . 

r 

As the initial tension which gives adhesion to the slack 
side of the rope varies with the weight supported by tho 
tension carriage, it is obvious that an increase of this 
weight will increase the power which may be delivered by 
the rope. As, however, the horae-power is pro])ortional to 
the difference in stress in the driving and slack sides of 
the rope, the less weiglit on the tightener consistent with 
obtaining sufficient frictional resistance to slipping, the 
better will the ropes work. 

An example of rope-driving, in which tension-carriages 
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lire arranged to work vertically, is ekowij in Fig. 17. In 
this caae the engine develops about 45 horse-power and 
niDS at 90 revolutions per minute, corresponding to which 
the velocity of rope is about ITOO feet per minute. The 
fly-wheel is six feet in diameter, and is grooved for five 1^- 
iuch "opes. The main slieave on the jack-shaf ' is also 6 




Fio. 17. — KoFE-DRiVE WITH Vkrticai. Tension-carriaoiu. 

feet in diameter, and is grooved for five ropes. The rope 
passes continuously from the fiy-wheel to the main sheave, 
niuking five wraps; then over the deflecting-s heave to the 
horizontal ten si on -carriage, and buck to the fly-wheel. 

The Jack-shaft sheaves are grooved for four 1-inch ropes, 
and are each provided with a friction-clutch, giving the 
line two shafts and, pnictically, tJie jidvuntages of indc- 
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pendent motorji, ao that in case of accident to cither the 
other can be run indcpendontlj'. 

The ehenvea on these shafts are five feet in diuinuter, anil 
tire grooved for five 1-inch ropes. — fonr wraps heing nseil 
fov the ti-ansiniaiiioii uf power; the other groove is for thi' 
return from the vertical tension-carriage, vhicli is shown 
just hencath the pnlley on the line-shaft. 

Altliongh iiMi-d uxteiistvelv for niuiu drives and in inuny 
c'useE for intermediate driving, ropes liave not come into 
nse for general work throughout the factory. In certain 
I'uscs the whole of the driving is done by ropes, no cross- 
shafts, gcare, nor heltg being used : but the greater conven- 
ience of flat belts for conveying power to the machine in 
ordinary shop-transniissione is so thoronghly acknowledged, 
that any attempt to substitute rope for belting in general 
would be met with little favor; nor would this be practi- 
cable nnder the conditions which now ohltiin in our mills 
and factories. One reason for this is the difliculty in 
shifting a ro^H: from a tight to a loose pulley. 

KnnierouB devices have been employed for this purpose, 
and in some few cases with satisfactory resnlts; bnt the sys- 
tem does not reailily lend itself to snch work, nor would 
the niTangcniuntE that have Iieen adopted be generally a}i- 
plicable. Anotlier reason for its non-cmptoynient for 
gcneiid work U the size of pulleys, and distance between 
■shafts wliii:h is iiecesKary for satisfactory working with 
mpes, and which, obviously, wnnhl exclude its nse in many 
instance!^. 

Where the jiower is transmitted In a shaft whose axis is 
in ii dilTeri'ui plane from that of the driver, it is often in- 
I'onvoiiient ur inipnietieable to use bo Vfl- gears or universal 
i-ouplings. J-'nr such siiecial cases rope-driving is partic- 
nlarly satisfaclory, as a llexible rope will readily conform 
to any direction, and transmit its full power when arranged 
with suitable idlers. 
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All example of diicb transmission is given in Fig. 18. 
This drive transmits 150 h. p. for the main shaft at a to 
another at b, whose axis makes an acute angle with the 
first, and which is several feet lower. The drive-sheave a 
is 5 feet 3 inches in diameter and rnns at 160 revohitions 
per minute; it is grooved for six Ij-inch ropes, whichJiave 
a velocity uf 2800 feet per minute; c and d are idlers, the 
faces of which are nearly parallel to the drive-sheave; e 




Fio. 18.— Kopifi- 



and/are double idlers, there beiiijr two sheaves on each 
shaft, one IJ inches less in diiinieter than the other. This 
arrangement of idlers ill ijiinrtcr twist drives of this class 
has been introduced where there are more tlmii four ropes 
in the system, witli the object of reducing tlie wear conse- 
quent to the friction priMliice<l hy the side lea<l of the rope. 
In drives wliore there are more than eight rojies a cone 
has bce)i used to u limitfl extent for the same purpose. 
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Such a practice is, however, very uneatisfactory, as the 
trouble encountered by the differential driving exerted by 
each rope on a different diameter of the cone is greater 
than that which it attempts to obviate. However, by mak- 
ing the several steps on the cone separate, so that they 
form a series of independent idlers of different diameters,* 
the difficulty is overcome. 

It is evident that the employment of multiple idle 
sheaves of equal diameter possesses many advantages over 
a multiple-grooved pulley when used as guide-pulleys. 

In this case each sheave is independent of the others, 
and thus prevents in a large measure the evils due to dif- 
ferential driving and slip which would otherwise occur 
with fluctuations of load. 

With ordinary transmissions where the vertical distance 
between shafts is as great as 100 times the diameter of rope 
no trouble is experienced from the side lead of the rope, 
and, usually, no provision is made to obviate it. 

An application of rope-driving to shafts at right 
angles, embodying several excellent features, is shown 
in Fig. 19. 

The plant is designed to transmit 250 horse-power from 
a 14-ft. fly-wheel, a, which is grooved for twelve 1-inch 
ropes. The line-shafts, in and w, are driven independently, 
and each drive has its own tension-carriage. The rope- 
sheave b is 72 inches in diameter, and is grooved for five 
ropes. At the side of the T2-inch sheave is a single- 
grooved idler, i, loose on the shaft, which serves as a guide 
for the rope to the tension-carriage. 

The substitution of a loose idler for an extra groove on the 
driven pulley in rope transmissions is due to Mr. Spencer 
Miller, although it has long been in use in cable-railway 

* This feature is the subject of a patent granted io Mr. John 
(iregg, March 11, 1890. 
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practice; the advantage in its use is evident when we con- 
sider thiit the tension-carriage, drawing out the stretch of 
the rope, miiBt necessarily drag tlie first rojve throngh the 




Pio. 19.— Transuiwikin at Kioht 



groove of tlie pulley, which will require an excessive weight 
on the tightener pulley and a greater length of time before 
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equilibrium is restored. By liaving this groove made into 
an individual wheel free to rotate on the shaft, this diffi- 
culty is overcome, and tlie transmission responds very 
freely to changes of load, so that when heavy machines 
are thrown on and off the ropes are not set in vibration, 
but tlie tension -carriage sheave K slides back and forth 
on the track, taking up the shock, with a minimum 
amount of wear on the ropes. 

In the present case the rope nins continuously around 
the fly-wheel and sheave from groove to groove. As it 
leaves the fly-wheel at the left hand it passes over the idler 
/ to the tension-carriage sheave K^ which is suspended on 
adjustable hangers from a single-pipe track. I'his sheave 
is tilted by means of the adjustable hangers, so that the 
top is in line with the centre of the groove of the idler, 
and the bottom is in line with the centre of tlie groove of 
the guide-sheave y, which serves to carry the rope back to 
the right-hand groove of the fly-wheel. 

The employment of multiple idlers instead of a multiple- 
grooved idle pulley is also shown in this figure, where power 
is transmitted from the sliaft n to another o at riglit 
angles to the first. By engaging one or the other of the 
driven pulleys e or/ by means of a clutch, the shaft o may 
be driven in either direction. 

More recently ropes have been introduced to drive dyn- 
amos and special isolated machines, and where the dis- 
tance between dynamos and engine or driving-shaft is 
sufliciently great to allow a moderate sag in the ropes, sucli 
drives have been found to work very satisfactorily, provided 
other conditions are favorable. AVhere the distance be- 
tween shafts is limited, mon^ wraps should bo given to the 
rope in order to lessen the tension in each member. One 
great fault with dynamo drives is the use of too small a 
pulley on the armature-shaft. We can point to a score of 
plants using rope transmissions from a jack-shaft to dyn- 
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amo in which the rope is overstrained and the dynamo 
pulley is only half as large as it should be, in consequence 
of which the ropes are a constant source of trouble. 

With cotton ropes the pulley may be somewhat smaller 
than that used for a similar size of manilla rope; but in 
any case there is a certain minimum diameter of pulley 
which should be used for any given rope. (See page 179.) 

Where the required number of revolutions cannot be at- 
tained with the size of pulley imposed by the various con- 
ditions, if the jack-shaft cannot be speeded up nor a larger 
driving-pulley used, in such cases it would be better to take 
out the rope and put in a good leather belt. 

The simplest arrangement of rope transmission for dyn- 
amos is that in which the rope is carried direct from the 
engine fly-wheel to the grooved pulley on the armature 
shaft, as shown in Fig. 20, which represents the system 
used in the station of the Liverpool Overhead Railway.* 

There are four horizontal compound condensing engines 
with cylinders 15^ and 31. inches in diameter, 36 inches 
stroke, each of which is connected to a separate generator 
by means of 19 ropes li inches diameter. Each engine is 
rated at 400 h. p. when running at 100 revolutions per 
minute with 120 pounds initial pressure; as the fly-wheels 
are 14 feet in diameter, the rope velocity will thus be about 
4400 feet per minute. 

In general it is more desirable to drive the machines 
through an intermediate jack-shaft, especially so in those 
cases where a varying amount of current is required, as, 
for instance, in the lighting of public buildings. Such an 
arrangement, when the jack-shaft is provided with suitable 
friction or jaw clutches, will permit machines to bo thrown 
on or off as desired. The use of an intermediate shaft also 
permits the attainment of the requisite speed of the dyn- 



• Power, May, 1898. 
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amo with moderate proportions of pulleys. In fact with 
many of the smaller engines in use a jack-shaft is essential 
if we wish to use rope-driving. 

Take, for example, a 75-h.-p. Corliss engine, running at 
85 revolutions per minute; the diameter of fly-wheel for 
this engine is 10 feet, and if we wish to drive the dynamo 
direct through a J-inch rope, the pulley on the armature- 
shaft should be, preferably, not less tlian 24 inches diam- 
eter; the speed of the armature would then be only 425 
revolutions per minute. To obtain a suitable speed, tlie 
driven pulley could not be more than about 12 inches in 
diameter, and with larger ropes this difference would be 
still more pronounced. 

A similarly rated high-speed engine runs at 230 revolu- 
tions per minute, and is provided with a fly-wheel 5 feet in 
diameter; with the same 24-inch pulley on the dynamo the 
speed of the latter when driven direct would be not more 
than 570 revolutions per minute, so that in this case also 
the driven pulley would have to be reduced very much 
below that size which lias been found best adapted to the 
work. 

It is tnie that the diameter of driving-wheel on the en- 
gine-shaft could be increased, and this is sometimes done. 
In the cases quoted the diameters necessary to give the re- 
quired speed would be about 20 feet for the Corliss and 7 
feet for the automatic engine. As these sizes give a cir- 
cumferential velocity within the limit of safety from the 
action of centrifugal force of the metal in the rim, it would 
be highly desirable to use such driving-wlieels if otlier prac- 
tical considerations did not preclude their use. A driving- 
wheel 7 feet in diameter could readilv be used on the h'lcrh- 
speed engine without materially augmenting the journal 
friction, and the increased rim speed would be a beneficial 
factor in preventing momentary fluctuations due to change 
in load. 
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With the Corliss engine, however, the iDcreased weight 
due to a large biiilt-itp fly-wheel 20 feet in diftnieter would 
usuallj debar its use on an engine of this capacity; in ad- 
dition to this the large diameter would prevent its use in 
many locations, even if the increased weight and loss of 
]K)wer were no hiudrani^e. Under these conditions the use 
of a jack-shaft is the most suitable arrangement. 

In many eases it is desirable to use two engines so ar- 
ranged that either or both may furnish the power to any 
one of several dynamos, as shown in Fig. :;i, which repre- 
sents u 175-h.-p. rope- transmission plant erected by thf 
Link-belt Engineering Company in the Virginia Hotel, 
Cliiciigo, where two Corliss engines are each connected to 
a jack-shaft, having five conn tor-drives to the dynamos. 
Uoth the driven and driving sheaves on the jack-sliuft are 
loose on the shaft, and are connected to it by means of fric- 
tion or juw clutches, thus permitting either or both engines 
to be run, or any one of the five dynamos to be thrown in or 
out of use. The positive jaw-chitch is used on the driven 
shi'ave, as it does not readily get out of order and is 
jirefcrred by many engineers to the average friction- 
chitch, especially in those cases where much power in 
transmitted. 

If it is desired to couple one engine to the shaft while 
the other is running, the former is sjiecded np until tin- 
loose driven sheave comes up to the speed of the shaft, 
when the dog-clutcli may be rewlily thrown in geiir with- 
out shock. With this arrangement there is a strong ten- 
dency for the bearings of the driven sheaves to heal when 
not coupled to the shaft; for tliia reason provision should 
Ikj made to reduce the friction between the loose pulley and 
iho shaft by relieving the tension on the ro]ie when not in 
nue, or, what is much better, the loow sheave sluuild be 
mounted upon a hollow sleeve supported in pede^titls inde- 
pendently of the shaft, as note>J in description of phmt 
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aliowu in Fig. 10; see hIho Fig. 33. Iii this way either 
pulley may be at rest and imjKise no friction on the shalt. 




If y, is the masimnni stress in a rope, 7", the stresB in 
the slack part, and P{=T, — T,) is the driving force, then, 
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about l.u to 5.5 — (]e]>en(1iiig upon tlic speed of rope, the 
coefficient of frictiou, and the angle embraced by tlie rope 
oil the circumference of the pulley. In order, tlien, to 
have the truiigmitting force /' as lurge as possible for u 
maximum tension T, , the tension in the slack part of the 
rope necessary for adhesion must be reduced to a mini- 
mum. To a certain extent this can be obtained by de- 
creasing the angle between the sides of the groove, hut if 
carried too far this is a detriment rather than an advan- 
tage, for if the angle is sufficiently acute the rope will 
wedge and rei^iiirc more or less force to pull it out of the 
groove. The remaining expedient is to increase the arc of 
contact. 

It can he shown that the friction of a cord or rope 
wrapped upon a tixed cylinder is independent of the di- 
ameter of the cylinder, and that it increases very rapidly 
with an increased arc of contact,* If the conditions are 
BHch that the coefficient of friction = one third, a ten- 
sion of one ponnd at the end 7", of the rope. Fig. 3", will 
supjwrt a strain at the end 7", of: 
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Therefore by increasing the number of wraps around the 
cylinder it U possible to inoreawe tlie differeuL-f between the 
tensions in each part of tlio rope almost in definitely. It 
will be noticed here that tiie rope is not in ffying motion, 

♦Weisbucb, vol. I, p. 860. 
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which would cause an equal centrifugal force to be set up 
iTi each member^ thus altering the ratio of stress. As the 
centrifugal force varies with the square of the velocity, 
there is with an increasing speed of the rope a decreasing 
useful force and an increasing total tension on the slack 
side; but up to a given limit, which we shall subsequently 
show lies between 4000 and 6000 feet per minute, tho 
total power transmitted for a given maximum tension in 
tlie rojie will increase with the velocity. 

The great advantage thus obtained by increasing the ad- 
hesion was very early applied to numerous mechanical de- 
vices, chiefly for v.inding and hoisting purposes, and later 
for haulage systems. We are indebted to Willis* for the 
following quaint account and sketch (Fig. 23) of an ar- 
rangement for obtaining a continuous motion with a con- 
tinuous travelling-coil, first suggested by the author of the 
article, Sir Christopher Wren, over two hundred years a<ro. 

*'A DESCRIiaTOy AM) SCHEME OF DR. WREN'S IXSTRU- 
MEXT FOR DRAWING IP GREAT WEIGHTS 
FROM DEEP PLACES." 

Rfad May 5, 1070. 

'* Having considered, that the ways hitherto used in all 
Engina for winding up Weights by Roaps have been but 
two, viz. the fixing one end of a roap upon a cylinder or 
Barril, and so winding up the whole coyle ol roap ; the 
other by having a chain or a loose roap catching on teeth, 
iis is usual in clocks: but finding withuU that both the:^e 
wayes were inconvenient the first, because of the riding of 
much roap in winding one turn upon another; the other, 
because of the wearing out of tlio chain or roap upon the 
teeth, I have, to prevent both theso inconveniences, devised 
another to make the weight and its counterpoyse bind on 

* " Principles of Mechanism," p. 429 e( seq. 
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the cylinder, which it will doe if it be wound three timM 
about. 

"But beuautse it will then in turning, sciue on like n 
worm, and will ueed a Ovlinder of a very great length, 
therefore if there be two cylinders each turned with three 
notches and the iiotcheB be placed alternately, the i 




edges to t)io cuncuve -m in the ligiire liert; adjuyned, the 
ixiap being wound three timt's about Ixith fylindi.^r8, will 
bind firmly without slydiiig iirid work up the weight wiih 
a proportionable couutcii)oy;;e nt the other end of tlit- 



The method of obtaining increased adJiesioii for 
wrap by increasing the niinibei' fif eoils in eontai-t 
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each pulley hus long been in use in rope-driyiDg. In some 
of the earlier applications the grooves of the pulleys were 
semicircular in section, and of sufficient size to allow the 
rope to embrace the entire circumference of each pulley as 
represented in Fig. 24* 

A better arrangement is that shown by Overman,t in 
which the advantage of ilie angxilar groove is obtained, 
and the ropes are not worn by rubbing against each other. 
This is shown in Fig. 25, and is thus described: 




Fill. 2.1. 

"If the pulley ,1 in grooved, of which at least two are 
fastened to the same sbaft, tlie rope is directed on one ot 
these pulleys, and passing around it goes to B, which re- 
volves on an inclined axis, such that the rope will be re- 
ceived from A' and delivered to A in the plane of thi' 
grooves. The number of pulleys may be mnltiplied to 
gain adliesfion. This method of augmenting friction is 
preferable to tlic tension-roller, jis no increase of tension 
is requii'cd; and it has the iidditional advantage of bend- 
ing the rope in the same direction, which makes it more 
durable." 

♦Wlllin. Prini-iplcii of Mechanism. 

f Ovcrniiiiis '■ Mecliunics," IMt. 
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A similar arrangement was introduced in the San Fran- 
cisco Cable Kiiilway in 187T. In this case, Fig. 20, the 
endless bauling-ctible ia passed alternately backward and 
forward over two grooved drums a sufficient number of 
times to obtain the necessary driving adhesion. 

Positive motion is imparted to the drum A, whicli hauls 
in the cable, while a second pnlley, B, acting as an idler. 




— CoiL-PRicrroN, Street-hailwat Cabt.B, 



increases the frictiimal grip of the cable on the drnm, by 
virtue of the inoreiispd arc of contact due to the number 
of wraps.* 

When, howevei', the cable ]>eiiuiinontly leiii^tbcna by 
stretching, the drum B may be moved further back hy 
means of the sliding-bnse C m nf to take up the resulting 
slank. 

Hy tlie use of tliis winder pulley the property of fric- 
tional adhesion lu'oduced liy suoerasive coiling is perfectly 



•"Cable or Hope Tniriiou," 
neerlng. London, 1987. 



J. Bucknull Smkh, C. E.; Bngt- 
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effectual^ for, although each coil is only in contact with a 
semi-circumference, the accumulation of frictional resist- 
ance is produced precisely as if entire circumferential 
grooves were employed. 

However desirable sucli winder pulleys may be for cable 
haulage or hoisting purposes, their advantage is greatly 
overestimated when applied to continuous rope-transmis- 
sion. A little consideration will show that the frictional 
adhesion ])roduced by a tension weight acting on a running 
roi)e with numerous wraps is entirely different from coil- 
friction. In the latter we have an accumuhition of friction 
by which a small resistance applied at one end of the 
rope is able to hold an enormously greater load at the other 
end. 

In the continuous-rope system of power transmission, 
however, the load is distributed among all the wraps, so 
that when properly adjusted each wrap carries an equal 
proportion of the load and is subjected to an equal resist- 
ance on its slack side. There are few cases where the com- 
bination of the winder-pulley with the continuou8-roi)e 
system offers any decided advantage over other methods. 

There is an incidental advantage in using a winder, 
especially in those cases where the difference in diameters 
between the driver and follower is quite appreciable; under 
such conditions the adhesion of the rope on each pulley 
may be made more nearly uniform by the employment of a 
winder, and there is less liability of the rope slipping in its 
groove, but this may usually be obtained more satisfactorily 
by other means (see page 1G8). 

Ill numerous cases ropes using winder-pulleys have been 
installed without regard to the work to be done or strain 
put upon the ropes, and many of the evils of rope-driving 
are directly traceable to this cause. 

Many engineers are opposed to using the winder-pulley 
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in any form whatever, but occaBionally it may be used to 
advaDtage. 

In outdoor or loiig-dietance transmissions, or in special 
cases where it is desired to transmit a maximum power 
without undue stress in the rope, or iu particnlar cases 
where the ordinary working stress may be exceeded, n 
winder- pulley may frequently be vaed to advantage, if tlie 
slack-side tension be reduced accordingly. Using a winder- 
pulley and increasing the back tension will permit a very 
large increase in tlie iK)wer transmitted; but since this im- 
poses an excesBivG strain on the rope, it soon wears out, ami 
is a constant source of trouble. 

The gain in power by increasing the adhesion will bo iiC 
the Gxponse of journal-friction, which is thns augmentetl 
by the employment of wider-faced driving and driven pul- 
leys, in addition to that due to one or two more windor- 
pnlleys; the wear of the rope, both external iiiid intcrnul^ 
will also be greatly increased on account of the grc»tor 
number of flexures given to the rope in jwiaeing over the 
winder-pulleys. 

The use of a winder-pulley at each end of a long drive 
in which only a single straud mns from the driver to driven 
pulley is an example of the application of coil-friction to 
the continuous-rope system; in this case both Ihc working 
load and the buck tension is carried by one rope instead of 
\mitg distributed among several wraps, as usually happens 
in this system. 

That the percentage of gain is not ns great as might hi: 
expected from the employment of coil-friction, will be seen 
from the following considerations: 

The ratio of tensions in the tight and slack sides of a 
rope running over two pulleys is dependent upon several 
factors, and may be determined from 

'J\ = 'f, («♦•), 
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in which T, = tension in tight side of rope, 
r, = tension in slack side of rope, 
€ = base of hyp. log = 2.7183, 
= coefficient of friction, 
a = arc of contact (circular measure). 

In this case the influence of centrifugal force is neg- 
lected. 

Since the power transmitted by a wrapping connector 
is dependent upon the difference of tensions in the tight 
and slack sides, it is evident that with an assumed total 
tension T^ the available force for transmitting power will 
increase as T^ decreases. 

But 1\ may diminisli as €** increases, that is, since e 
is a constant and is constant for a given pulley and ma- 
terial, T, decreases as a increases; hence if we increase 
the arc of contact the tension in the slack side of the pul- 
ley may be decreased in a ratio greater than unity, depend- 
ing upon the factors involved; in which case the net force 
P available for transmission will be increased, while the 
original assumed allowable tension remains the same. 

For example, if '1\ = 200 pounds, = 0.3, a = 2.88 
(a° = 165°), we shall have 

r=_^^_=84 
• (2.718)*»^^« ' 

and the net force P = 200 — 84 = 116 pounds. 

Under the same conditions, if we pass the rope from the 
driver over a winder-pulley back and forth twice, and then 
to the driven pulley and its winder in the same way, we 
should be able to transmit a little more than one and a half 
times as much power at the same speed without increasing 
the working tension in the rope. 

T 

In this case a = 12.56 and ~- = 43.1; hence 
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T, = 4.0 and P = 200 — 4.6 = 105 + i>oiiud8. 
Ilorsc-power in second case _ 195 _ „ 
' Ilorse-powcr in first cnse 116 *~ 

Xow, if it were ])rnGticubIe to intiiiitaiii tlie siiiiio sluck- 
side tension T, in these two instances mid increase the 
<lriviiig-side tension under the conditions of the second 



F=T,~T,= (43.1 X 84) - 84 = 35aii pounds, 
and the ratio of power transmitted will now be -ttF' **' 
thirty times as great as before. 

These results indicate that while we may vuatly iticreuse 
the driving-side tension for a given slack-side tension, by 
using u \vindL>r in the manner indicatiHl, that is, with a 
single wrap connecting driver and follower, yet if we wish 
to niaintuiu un assumed maximum working tension for a 
given-sized rope the i»crccntago of gain will not be very 
great under the usual ro<iuirements of rope-driving. 

For a temporary drive the working strain may be iu- 
cruasod to about twice the usual value, but for a permanent 
installation the usual working vtiluo should not be ex- 
ceeded. 

Where u number of ropes arc employwl un a sliort-drivc 
it iii quesliunuble whether the winder-pulley jKissesses suflU 
cifiit advantages to warrant its euiphiymerit in place of the 
C(iiitinuous-wrai> or individual-rope systfin.-;. In any case 
ilie eondilions should bo carefully con.sidert'd, and the ac- 
uiid gain compared with the various lussi.'s invdlved. 

A recent e.vam|ilc illustrating tlic jip]ilii'atLon of the 
wiiulcr-])ullcy is shown in Fig. :i7, which ri'pre.sentii the 
wyiiii'm of njpe-d riving iusfalled by Messrs. Ilnadley Itros. 
in the Fifty-sucoml Street electric power-house of the 
Chicago City Haiiway Company. 
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The plant is designed for 10 generators of the Westing- 
house No. 6 typo, running 300 revolutions per minute. 
There are also to be ten 24-inch by 48-ineh engines of the 
improved VVheelock type, arranged in five pairs, two ol 
which are now in operation. These run at 100 revolutions 
per minute with 100 pounds boiler-pressure. The power 
usually varies from about 200 to 1000 h. p., but 'during the 
heavy traffic throughout the summer each pair of engines 
has frequently transmitted 1500 h. p. 

These engines have a built up fly-wheel (10 segments) 18 
feet in diameter, 39 inches face, which weighs about 
50,000 pounds. The rim is grooved for 21 wraps of 1^- 
inch manilla rope. The driven pulleys are 6 feet in 
diameter, and contain 32 grooves for the rope, which runs 
about 5C00 feet per minute. Between the driven pulleys 
and the engine fly-wheel there is placed a C-foot winder, 
containing 11 grooves, around which the rope is car- 
ried before passing to the tension-sheave (Fig. 28), which 
in the present arrangement is placed horizontally above 
the engine near the ceiling, as shown in Fig. 20. Thus the 
rope is wound around the engine fly-wheel and the driven 
pulley, making 20 wraps; then it is carried from the 
driven pulley to the winder back and forth 11 times, 
thence it is led over vertical guide-pulleys, 7 feet in diam- 
eter, to the horizontal tension-sheave 54 inches in diameter, 
then down over another vertical guide-pulley to the fly- 
wheel, where it started. Bv this means the arc of contact 
of each member of the driving-rope is increased practically 
180 degrees wlien all the ropes have adjusted themselves 
to the load, so that the power transmitted with the same 
tension in the roi)e will be about forty })er cent more, if wo 
neglect friction, than would be transmitted by the twenty- 
one wraps over the fly-wlieel without the use of a winder. 

The net gain will be considerably less, owing to the vari- 
ous losses which tliis svstem entails. 
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The nppHcatioii of ropes to transmit the jtower from n 
water-w)ieel to a line-sliaft 40 or 50 feet or more above tlip 
axis of the wheel has lately rooeived oonRiilerable att«ntiori, 
and offers many nOvantaj^ofl nvvr the onlinaiy method in 
which a vertical eliiift is used. 'I'he extreme weight of tlie 
hitter ill many cases makes it u difficult mattcrto provide 
a snitable bearing to Bnpport it. In snch cases a horizon- 
tal turbine is used, and tho wheel-shaft carrying the roi>c- 
pnlley is e](tende<l and snitahly gii)iporte<l, aa shown in 
Fig. ;tu. 

The station of the Bnish Electric Light and Power ("o. 
at Niiigai-a Falls is driven in this way, 

A line-shaft runs through the building, with one end ex- 
tending over the wheel-pit; to this arc belted the gener- 
ators in the nsnal manner. Seventy-five feet below this 
shaft is located n l.'Mnch horizontal Victor tnrbine in a 
ease of boiler-iron, its shaft extending to bearings supported 
by bridge-trees, which in turn are carried liy the foundation 
I beams that support the wheel-cafc. This shaft carries an 
iron pulley 40 inches in diameter, grooved for I'i i-ineh 
manila ro|ie8. (Cotton was tried, but waa not satisfactory 
here:) 

The pulley on the driven shaft above is of wood, 70 
inches in diameter. The driving side of the to\ks bang 
jierjiendicnlarly. and are free from the driver to the driven 
pulley. 

Tho slack side has two idlers or gntde-pulleys, one of 
which is situated ininiediatety helow tbe driven pulley, and 
the other is about 20 feet above the driver. A tightener is 
adjusted in a running frame, in line with the driven and 
upper guide-pulleys. 

In putting on the rope the following course is taken: 
" Commencing at one side of the pulleys the ri>|io is passed 
around from the driver to the driven piiHey in every alter- 
nate groove until tbe opposite side is reached, thence 
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around the tightener-pulley in the running frame, wliich is 
hung on an incline in such a manner that its discliarg- 
ing side is in line with the side of the driver pulley 
whence we started . The remaining grooves are tlien filled, 
and the ends of the rope are spliced in position around the 
idler. Thus it is readily seen that there are two strands of 
the rope on tlie idler at all times. The ohjectof this is to 
have one solid piece of rope on the idler at the same time 
that the splice is, so as to relieve the spliced piece of tlie 
strain of the idler. This system is giving far better satis- 
faction than has the upright shaft to those who have tried 

The plant designed by Mr. Robert Cartwright for the 
electric station of the Citizens' Light and Power Company 
of Rochester, N. Y., is worthy of careful study, and may 
be considered a representative modern plant, adapted to 
use steam or water-power, and employing both ropes and 
belting, f 

Fig. 31 represents a cross-section of the station, and 
shows the general arrangement of the plant. The water- 
wheels are twin Poole-Leffel central-discharge turbines, 
2)^ inches in diameter, and at a speed of 560 revolutions 
per minute, under a head of 92 feet 6 inches, develop 500 
horse-power each, with a discharge of 3800 cubic feet of 
water per minute. The wheels proper are made of phos- 
phor-bronze, W4th buckets of Otis steel, tinned. The wheel 
bed-plates are heavy cast-iron box sections, machined and 
bolted together with heavy bolts fitting reamed holes. The 
wheel-shaft is 4J inches diameter, running in adjustable 
babbitt-lined bearings. A rope-wheel 4 feet in diameter is 
keyed on the shaft, and is grooved for fifteen l^-inch 
manilla "Stevedore" ropes, made with four strands and a 
core, worked in with plumbago in the process of making. 

* F. E. Pritchard. Elect World, April 16. 1892. 
f Sec Trans. Am. See. C. £., vol. xxx., 1894, 
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Prom the 4-ft. wheel 15 ropes run to a rope-wheel on the 
line-shaft above, 76.8 inches in diameter, and grooved for 
sixteen l^inch ropes. The ropes being endless, the idler- 
Btrand is passed over ar5-tt. single-grooved vpbeel, placed 
in a movable frame. The frame traverses in iron gnides 
and maintains by its weight a constnut tension on all the 
ropes. This is matle adjustable for the amount of tension 




Pro. 32.— Plan of Power Statio.v. 

by the application of counter-weights to the frame. The 
speed of the line-shafts is 350 revolutions per uiinnte, and 
the rope travel is TOUT feet per minute. The water-wheels 
are supplied from a steel flumo 7 feet in diameter. From 
the horizontal portion of the flume a 4-ft. pipe leads down 
to each wheel, and has a geared 43-inch Chapman valve at 
the lower end, between pipe and penstock, as shown in 
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Fig. 31. These valves are fitted with a 12-inch by-pass, 
for the purpose of equalizing the pressure on both sides of 
the large valve in opening or closing. 

A horizontal " Woodbury " compound condensing slide- 
valve engine, with extra heavy bed-plate, is set in the 
power-room at point marked in Fig. 32 " Engine No. 1." 
Steam-cylinders are placed with the large cylinder out- 
side, so that pistons and rod may be easily removed. Cylin- 
ders are 19 inches and 31 by 24 inch stroke. At 167 revolu- 
tions, with a boiler-pressure of 110 pounds per square inch, 
vacuum 22 to 24 inches and cutting off at ^ stroke, the 
engine is rated at 500 horse-power, and is guaranteed to 
produce a horse-power on an evaporation of 20 pounds of 
water per hour. The crank-shaft is a steel forging in one 
piece. Journals are 11^ inches diameter by 21 inches 
long. Crank-pin Hi inches diameter by 8 J inches long. 
The end carrying the rope-driving wheel has an outboard 
bearing. Governor balance-wheel is 8^ feet diameter by 
25-inch face. Rope-driving wheel is cast in halves 10 feet 
6 inches diameter, and grooved for fifteen IJ-inch ropes. 
These ropes lead to a 5-ft. rope-wheel on the line-shaft 
above, with same arrangement for tightener as is applied 
to the water-wheels. Rope speed of engine-drive is 5500 
feet per minute. 

The line-shafts are of hammered iron 5 inches in diameter, 
and arranged with heavy floor pedestals, fitted with self- 
adjusting, ring-oiled, babbitt-lined bearings. The rope- 
wheels are placed on heavy cast-iron quills, furnished with 
Hill friction-clutches of 500-horse power capacity each. 
By a series of jaw-clutches, pulleys, and belts any line- 
shaft can be operated from any water-wheel or engine, all 
the line-shafts making the same number of revolutions. 
Fig. 33 shows in detail the quill, clutch, and bearings. 
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CHAPTER IV. 

Thb use of ropes in connection with portable tools and 
travelling-cranes has long been established, and their con- 
venience and adaptability to a wide range of work make 
them a necessity in many shops. The advent of the small 
electric motor in our machine-shops will, however, proba- 
bly replace to a large extent all other forms of special 
transmission for portable tools, as it is already replacing 
countershafts and belting for machine-driving in many 
cases. 

One of the greatest fields of usefulness for rope-driving 
is in the transmission of power to a moderate distance, 
under conditions which are unfavorable to the use of belts 
or shafting. 

With rope-driving one is enabled at a comparatively 
small cost to transmit power in any direction to a building 
remotely situated from the source of power, which would 
otherwise require a long and expensive line-shaft or an in- 
dependent engine or other motor. The facility with which 
it may be carried in any direction across rivers, canals, and 
streets, above or under ground, up hill and down, over 
houses and into buildings, is a feature very favorable to 
the further extension of rope transmission; but the rapid 
progress which has been made in the development of elec- 
trical transmission has limited the economical application 
of ropes to moderate distances. There are, however, cer- 
tain limits between which the transmission of power by 
ropes is yet more efficient than by any other known method. 

The employment of ropes for this purpose — i.e., trans- 
mission of power to a distance — is not a recent application. 
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The first method of transmission of power to any consider- 
able distance was made in 1850 by C. F. Hirn at Logel- 
bacb, near Colmar, Alsace.* " The works consisted of a 
large number of buildings separated at some distance from 
one another, which were required to be changed into a 
weaving factory. As there was but one steam-engine on 
the works, the expense of transmitting power to the various 
buildings by ordinary shafting (the shortest length of which 
was 84 yards), or of erecting separate engines, would neces- 
sarily have been great; and the desire to obviate this ex- 
pense resulted in the adoption of the telodynamic system. 

The first plan adopted was the use of a band of steel 172 
yards long, ^^ inch thick, and 2 inches broad. This was 
slung as an endless band over two wooden rollers or 
pulleys, 6 feet G inches diameter, which were placed 84 
yards apart and made 120 revolutions per minute, giving a 
speed of 28 miles an hour in the band. In practice this 
plan was found to be open to two objections : the lightest 
wind agitated the baux.^, and the pulley-guides tore it at the 
points of riveting, whilst the guides themselves were 
rapidly worn out. Kotwitlistanding these objections this 
plan rendered valuable service, and continued in operation 
for a year and a half, transmitting 12 hor8e-2>ower to one 
hundred looms. 

"The difficulties of the flat band suggested round wire 
ropes i inch diameter ; these were accordingly substituted 
and were placed upon the same wooden pulleys, which, 
however, were arst grooved to the depth of half an inch.f 

This plan answered every expectation, and experience 
having fully sanctioned its use a second wire rope was soon 
put in operation, transmitting the power to a distance of 

* Mr. H. M. Morrison, Proc. Inst. M. E. 1874, p. 57. 

f Prof. Uuwin, in his Howard lectures (mya Electrician, Feb. 3, 
1893), states that an English engineer, Mr. Tregoning, suggested tho 
»ubstitutioii of the wire rope. 
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about 770 feet. The two pulleys were each 9 feet 6 inches 
diameter, making 91^ revolutions per minute, and a steel 
rope i inch diameter was employed transmitting 50 h. p. 
at a speed of 31 miles per hour. In this instance it was 
found necessary to have supporting pulleys to prevent the 
roj)e from trailing upon the ground. These carrying pul- 
leys were placed half-way between the transmitting pulleys, 
or 128 yards apart, and in the first instance they occasioned 
very great difficulties by the rapidity with which they were 
worn out in the groove. They were constructed succes- 
sively of copper, wood, and polished cast iron, and were also 
faced with leather, horn, india-rubber, lignum-vitae, and 
boxwood. All these failed, however; the facings were soon 
worn out, and when the groove was of metal or hard wood 
and did not itself wear it destroyed the rope. After re- 
peated experiments a dovetailed groove was formed in the 
bottom of the pulley groove and filled with gutta-percha, 
(as shown in Fig. 65, page 186.) 

" This turned out a perfect success, and carrying pulleys 
thus faced have an almost unlimited amount of durability.'* 
Fibrous ropes were used in the United States for long dis- 
tance transmissions a few years later ; thus we find a com- 
munication in the Scientific American"^ in which a cor- 
respondent from Winsted, Conn., speaks of several rope- 
drives in his vicinity, one of which had been in use since 
lfi58. "It transmits the power for a manufactory, em- 
ploying several circular saws, across the river, 225 feet dis- 
tant, by a 5-inch rope running over two pulleys six feet in 
diameter, at a speed of 5G()0 per minute. The pulleys are 
sheltered, but the rope runs exposed in all kinds of 
weather, needing no attention except at times to be rubbed 
with grease having a very small amount of rosin mixed 
with it." 

*V..l. nr, 1861, p. 310. 
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When power is taken from a water-wheel in locations 
where land is not available for buildings, the use of 
ropes as a means of transmitting the power from the 
wheel to the mill or factory forms a most economical ar- 
rangement if the drive is properly designed for the work. 
It is a great advantage in many other cases to have the 
power plant and the several buildings of a works isolated 
from each other; this is especially desirable in sawmills 
and wood -working establishments, where the risk from fire 
is greatly reduced by such an arrangement. 

An example of rope-driving in which the conditions are 
particularly adapted to this form of transmission was 
erected a few years ago at Portland, Ore. The mill is built 
on piles situated in the Willamette River, while the engine 
and boiler room are upon the solid ground, some distance 
away. The engines are a pair of Wheelocks, with cylinders 
32 by 60 inches, intended to be speeded to 70 revolutions 
per minute. The fly-wheel is 24 feet in diameter by 66 
inches face; it is built up of ten segments grooved for 
thirty-three IJ-inch manilla ropes, and fitted to a shaft 20 
inches diameter; its weight is 40 tons. 

Two ropes are taken from this wheel to jack-shafts 35 
and 45 feet distant; the driven pulleys — one with 16 and 
the other with 17 wraps — are each 76 inches in diameter, 
and are keyed to 10-inch shafts. From the end of each 
jack-shaft a 600-h.-p. transmission is arranged and 
carried to the mill. Each shaft is fitted with a friction 
clutch to allow either of the mill transmissions to be thrown 
out if desired. 

The general arrangement, showing location of driving 
and driven sheaves, is represented in Figs. 34 and 35, from 
which it is seen that power is delivered to two shafts 7 
inches in diameter — in the one case at a diagonal distance 
of about 200 feet, and in the other at a distance of 185 feet 
from their respective drivers — both the driven shafts being 



KOPE-DRIVING. 67 

at right angles with the jack-shaft. Each drive was 
designed to transmit 600 h. p. with a rope velocity of 7550 
feet per minute^ but it has since been found advantageous 
to reduce this speed to about 6000 feet per minute. 

The arrangement of ropes in these transmissions is 
similar to that used in the Chicago City Railway Company, 
illustrated on page 53. In the present case only three wraps 
of l^-inch rope are used to convey the power from the jack- 
shafc to the mill, but in order to prevent slip and decrease 
the tension in the slack part of the rope the driving and 
driven pulleys have each nine grooves, six turns being 
carried around another pulley or winder, thereby increas- 
ing the arc of contact and, hence, the adhesion. In this 
plant the stress in the rope is very much greater than that 
ordinarily used. 

It is evident that the whole strain must be borne by the 
three strands, as it is only the difference in tension of the 
tight and slack sides of the ropes that can be used to trans- 

PV 

mit power; since o^tt^/x = ^^- P> ^'^ ^"^ ^^^^ difference in 

^ . „ 33000 X 600 ...^^. . , , ., 

tension, P = aJu^f) ~ pounds ; and as there 

are three wraps, the difference in the stresses in the two por- 
tions of the rope will be 1100 pounds. As we shall find 
later the total stresb will be greater than this, due both to 
the action of centrifugo.l force in the rope and to the force 
necessary for adhesion. 

As the maximum w )rking tension for a 1^-inch rope is 
usually only about 450 pounds, it is evident that each 
wrap carries nearly three times its proper load, taking the 
wear and life of the ro])e into account. The engine has 
only developed about 700 horse-po ^r as yet, so the total 
stress in each rope has been very much less than the 
above, — probably not more than 300 to 350 horse-power on 
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each drire; but even with this reduced stress one rope was 
replaced inside of fifteen months. 

For short distances shafting is often employed for such 
transmissions, but with this latter the friction of the jour- 
nal-bearings is a very important consideration, and effectu- 
ally debars its use for long distance transmission. 

This will be seen from the following considerations: 



6/° 

I 

L 



r = 



Let = distortion of shaft (circular measure) per unit 
length; 
distortion in degrees; 
unit length of shaft ; 
length of shaft in feet; 

distance of outer fibres from axis = - ; 

diameter of shaft; 
twisting moment on the shaft; 
revolutions of shaft per minute; 
velocity of circumference of shaft = ndN\ 
modulus of torsion of the material 
two fifths of the modulus of elasticity; 
maximum torsional stress in the outer fibres 
IQPR 
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/ = 



If = 
Then 



7rd' ' 
weight of shaft = 3.36 pounds per foot per square 

inch of section ; 
load due to friction. 



n_fl _ ^2PRl 
Gr~~ Ttd'G ' 



(1) 



= 



If the angle of torsion is given in degrees, then 
6/° X 2;r 



360 
of length will be 



; therefore the angular distortion per foot 
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^o__3G0 fLxl2 _ 360/ 12L 

The working limit of the angle of torsion for steel shaft- 
ing ought not to exceed 10 degree per foot in length of 
the shaft; that is, 6° = O.IOZ, and for wrought-iron shaft- 
ing ^° = 0.075/^;* assuming the shaft to be of steel and 
substituting the corresponding value for 0° in (2), we obtain 

\0L X TrGd = 360/ X 12L; 

hence /= 800r/ if we assume that G = 11,000,000 pounds. 
Since the horse-power transmitted by the shaft equals 

PJlx ;v^iN^;> if we substitute the value of PB, f = 

Tcd* 27riV 
there is obtained h.p. = -—- /* " ,,^,^ ; but the velocity at 

^ 16 • 33000 ^ 

the circumference of the shaft is r = ndN, al8o/= 800rf; 

hence 

h p. = 0.0095rfV (3) 

If the bearing is well worn and fitted to its shaft the 
resistance due to friction will probably lie between the 

limits ■-0H' and -0W',f or between I.b7</>W and 1.28 

/w 71 
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W, where is a coofficient, which in the present case we 

shall assume equal to 0.06. 

4 
Taking the lesser value, we shall have F= -(/>W, 

where F is the force at the circumference of shaft : eces- 
sary to overcome the journal friction. If there are no 

7t 

pulleys on the shaft ir= -J^L X 3.36; the horse-power 

exerted to overcome the friction will then be 
Fi^ _\ nd^Lyi X 

33000 "" TT ^ ^ 4 33000 



Fv 4 ^ n d^L X 3.36/' ,, ^,^ „ ^ 

1^-P-o = a.V^Vn = . <?^ X -i — ..nnn— = 0.0^6^Zr. Ex- 



*Rcu1eaux: Der Koustrukteur. 
f Unwin. 
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pressed ae a ratio, the percentage of power required to 
overcome friction will be 

li.p^. _ O. O'GrPLv 
h.p. ~ O.OOOoJ't'' 
from which tlierc is obtaiued 



= 0.00063 -. X h.p. = - 



X 1-1? 



h^ 



1585' 



(4) 



That is, for a steel shaft wliose diaiireter is one iiich the 
horse-power required to overcome the friction in a length 
of 1585 feet will be equal to the total allowable trausmit- 
Cing capacity of the shaft. 

For wrought iron tt" = .07b f. and h.p, = .OOTSdV, from 
which may be determined the value of the ratio 

, h.,,. 

' li;50' 



= 0.0008-i 



lip-. = ;. 



(5) 



h.p. a ^ * (/ 

The following tables, calculated from these formula, 
give the limits at whiclk the power transmitted by a sliaft 
is absorbed by the friction of the bearings, the assumption 
being that tlie f;ictor of journal- friction equals 0.06, and 
that the allowable twist shall not exceed 0.10 degree per 
foot of length for Rtoel, nor .075 degree for wrought iron. 
'I'he shaft is supposed to be free from all pulleys and gears. 

Tabi.r I. — Limit of Lkvoth kor Steki. SitAFTiso. 
No pulli-g* oil the line. 
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Table XL— Limit of Length for WRouonT-iKON Shafting. 

No pulley 8 on the line. 



Diameter of 


Leof^th in feet 


Lenfsrth when 


Lenfirth when 


shaft in 


when total 


efficiency = 


efflcienc}- = 


inches. 


power is absorbed. 


60 per cent. 


75 per cent. 


1 


1,250 


625 


312 


2 


2/m 


1,250 


625 


8 


3,750 


1,875 


937 


4 


5,000 


2.500 


1,250 


5 


6,250 


3,125 


1,562 



From the foregoing it will be seen that shafting is alto- 
gether unsuitable for conveying power any considerable 
distance, and as belting is not adapted to tliis work choice 
must be made of some other method. 

For a mere dead pull, such as the alternate strokes 
needed to opei'ate a pump, work is, and has long been, 
transmitted to very great distances; as by the long lines of 
draw-rods, ropes, or wires used in mining regions, quarries, 
and elsewhere, for transmitting the power of a water-wheel 
by means of a crank on its main axis, pulling during half 
its revolution, against a heavy weight at the end of the 
line, and thus storing up energy for the return stroke. 

Wooden pump-rods were used in this manner about 1865 
near Petroleum, W. Va. A large condensing engine was 
located in a central position, and the rods transmitted the 
power to a number of oil-wells, twenty-seven in all, situated 
at various distances and in different directions from the 
source of power. The greatest distance was about four 
miles. 

Posts with crank-arms were used to change the direction 
of the pull. The rods were of hickory, connected end to 
end by means of iron straps. 

The transmission of power from the famous 72-foot di- 
ameter overshot wheel at Laxey, on tlie Isle of Man, is by 
means of similarly connected trussed rods, which in this 
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case are supported at regular intervals on small wheels 
running on iron ways. About 150 horse-power are trans- 
mitted in this way. 

This method was adopted on a very large scale in the 
mines of Devonshire for the transmission of power from 
large overshot water-wlieels to piimps fixed in the shaft of 
the mine at a considerable distance higher up the valley. 

In one case* the water-wheel was 52 feet diameter, 12 
feet breast, and its ordinary working speed was 5 revolu- 
tions per minute. The length of stroke given by the crank 
to the horizontal or " flat " rods was 8 feet; the rods were 
3i-inch round iron, and were carried on cast-iron pulleys. 

At Devon Great Consols, near Tavistock, there ai*e alto- 
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Fio. 36.— Rope-drives wmi Bent Cranks at 120 Degrees. 



gether very nearly three miles of 3-inch wrought-iron rods, 
carried on boi)s, j>ulleys, and stands, whereby power for 
pumping and winding is conveyed alonij tlie surface to dif- 
ferent parts of these extensive mines, from 11 large water- 
wheels ranging up to 50 feet in diameter, to wliich tlio 
water is brought along eight miles of loats 18 feet in width. 

Kods and wire ropes have abo been used to transmit ro- 
tary motion to a considerable distjince in a similar manner 
by placing the cranks at 120 degroes, as shown in Fig. IJG. 

It is evident that the distance of transmission bv this 
contrivance will be subject to the sag of tlie rojies, unless 



♦••The Old Wheal Friendship Mino, near Miirylavy." Proc. Inst. 
M. E. 1881, p. 100. 
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intermediate shafts are employed. The motion must also 
be comparatively slow, owing to the severe strains which 
would be thrown upon the bearings and pins by tlie surg- 
ing and swaying of the ropes during the rapid changes of 
motion to which they would be liable. In order, then, to 
transmit much power, heavy rods or large ropos would be 
necessarv, and under these conditions econoniical transmis- 
sion would be limited to short distances. 

Among the various means in use at the present time for 
conveying power to a distance we find steam, water, gas, 
compressed air, electricity, and rope systems. Each of 
these has its own applications and advantages, but it must 
be borne in mind that with the exception of rope trans- 
mission, of which numerous examples have already been 
given, all other forms usually require a generator at the 
one end and a motor, with separate attendants, at the other. 

Other things being equal, the relative merit of various 
methods of transmitting power will be indicated by the 
cost of transmitting a certain amount of power to any 
given point, as compared with the cost of this i)ower at 
the generating station, while their absolute merit will be 
shown by comparing the cost of the transmitted power at 
the receiving station with the cost of producing the re- 
quired power directly at this point.* Such determinations 
are materially affected by variations in the amounts of 
power and in the distance of transmission; the other prin- 
cipal factors to be considered being the efficiency of the 
system, the number of working hours per annum, the 
price of 1 h. p. per hour at the generating and receiving 
stations, and the convenience and applicability of the sys- 
tem to each special case. 

The efficiency of any system of transmitting power is 
ex2)ressed by the ratio of the power obtained at the receiv- 



iSlahl, " Wire-rope Transmission.'* 
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ing station to the power given out at the generating Bta- 
tiou. In ill) systems losses of power of greater or less 
mugtiitude occur, aiul the nioet. efticient system is that in 
which those losses arc reduced to a minimum. We shall 
not attempt liere to lay down rules governing the choice o'. 
any particular method, for Mie requirements and condi- 
tions are BO varied that every individual case must be 
decided upon by the engineer separately with u knowledge 
ot all the facts before him. Our present object is to ascer- 
tain the principles governing tlie use of ropeti, aud to 
determine those conditions best suited to their economic 
working. 
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CHAPTER V. 

The subject of rope-driving may properly be placed 
under two heads, according to the nature of the material 
composing the ropes, whether metallic or non-metallic. 
With few exceptions metallic or wire ropes are used almost 
exclusively on long-distance or telo-dynauiic transmission, 
while non-metallic ropes are employed for intermediate and 
comparatively sliort drives, the consideration of which con- 
stitutes the present subject-matter.* 

Among the materials employed in this method of power 
transmission we find S2)ecial forms of leather belting used 
as ropes working in V grooves; fibrous ropes. Including flax, 
homp, cotton, and manilla, are, however, chiefly employed. 

Rawhide ropes, which are made from f inch to 2 inches 
in diameter, are used to a limited extent. Where the 
stress in the rope is not great and the accompanying slip 
is small, rawhide works very well, and will last from three 
to six, and in some cases ten, years. Under ordinary cir- 
cumstances it is not necessary to use any dressing, as suf- 
ficient lubrication is furnished by the rope itself; if the 
rope slips in its groove the leather \y\\\ be burned, and lose 
its flexibility, and also its adhesive qualities, to a certain 
extent. A rawhide rope has very little tendency to rotate 

* Concerning wire rope transmission the reader is referred to the 
following: 

'* Wire-rope Tnuisniission" (A. W. Stnlil); "Elektrisclien Kraft- 
Ubertragung" (A. Beringer); " Drahtseiltriebs" (D. H. Ziegler); 
" Constriicleur" (F. ReuKuux); "Machine Design" and "Cenlral 
Stations" (W. C. Unwin). Also trnde pamphlets published by W. 
A. Roebling & Sons; Cooper, Hewitt & Co.; and others. 
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Oil its axis; for this reason the wenr is not always uuiform, 
and u'itli a heavy tension it is liable to take the set of the 
groove in which it runs. Tins is rather an advantage for a 
sti'uiglit drive, where the rope always runs in the saoie di- 
rection; but in those cases where a ropo is led on to the 
piijloys at nil an{j;le this will be a di sail vantage, as under 
such conditions the rope often slips, and wear is excessive. 
Where the rojie is snbject to wet or dampness, rawhide is 
an excellent material to use, as it is very little affected by 
diiiiquicss. The cost of rawhide rope will average about 
six tiines that of a good quality of nianilla triuiBmieaion- 
rope, and although it is to be preferred iu certain cases, its 
greater cost will limit its appliratlon. 

Round-leather ropes, formed by twisting narrow strips of 
leather into a continuous spiral, are used for light driving, 
and are very desirable for some classos of work. 

Solid round-leather ropes, made from scvcnil thicknesses 
of belting cemented toj^ther and secured with screwed 
wire forced into the leather, are made in various sizes up 
to '2i inclies in diameter, but sizes larger than 3 or 1 inch 
in diameter are seldom used. 

iSteel ropes with leather washers closely threaded on 
have been tried with considerable success, but the expense 
of such a ro|)e would necfs.sarlly limit it« application. 

Other special forms of leather belting used as ropes are 
found in the various modilications of the square and angu- 
lar belts which have been used for a number of years for 
both light and heavy drives. 

LeatJu-r n)pes iis large as Ij inches square, made up of 
kyers of leather cemented together bo Ibat tJie whole is 
uniform and conlinnons. have been used to replace quar- 
ter.tnrn flat belts, and also for main driving. 

These run in V grooves so tlnit the adhesion is 
greatly in excess of that produced by a Hut belt on a 
smooth pulley under tJie same tension. In the same 
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way triangnlar belts built up from various thicknesses of 
leather possess the advantages characteristic to all forms 
of rope-driving which use a V groove, viz., greater ad- 
hesion for a given tension, and the facility with which such 
transmitters lend themselves to the communication of 
power between shafts at an angle with each other. 

It is evident that several of these leather-rope belts may 
be used side by side in a manner similar to the various ap- 
plications of fibrous ropes. Such rojDCS have proven satis- 
factory in those Cfvses where the pulleys are of approxi- 
mately the same diameter; but on pulleys whose diame- 
ters vary considerably each portion of the leather rope in 
contact with the driver tends to rotate the follower at a 
different velocity, necessarily producing slip and wear, to 
an extent dei)ending upon the ratio of the diameters em- 
ployed. 

In England manilla is now being used very largely, but 
cotton ropes were formerly preferred to the exclusion of all 
others for all kinds of driving; but the most probable cause 
of this was not that cotton was the best or most economi- 
cal material for the purpose, but that rope-driving is most 
common at cotton factories, and cotton ropes were made 
in the locality by men who were familiar with the local 
product, and had been for years making spindle and rim 
bands of small size. When the demand for large sizes 
arose these rope- makers applied themselves to the newer 
industry, and shut out other materials.* 

In the mills of Dundee and vicinitv, and in the North of 
Ireland, where flax and hemp are worked, we find ro2>es of 
hemp, a local product, used entirely. 

In many cases ropes of cotton are to be preferred, as they 
are generally softer and more pliable than the ordinary 
manilla ropes, thus allowing smaller pulleys to be used 



♦ W. H. Booth, Am. MachinUi, January, 1891. 
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with less injury to the fibres. In fact, cotton ropes of 
small diameter have been used for years in cotton ma- 
chinery bandings over pulleys, and under conditions which 
would wear out a maniHa roi)e in one third the time. 
There is also an advantage in that there is less internal 
chafing and wear when the ro})e is bent over a pulley, on 
account of the smoothness of the fibres and the great elas- 
ticity of the yarns. 

The cotton fibre is not, as it appears to the eye, a solid 
cylindrical, gossamerlike hair, but when fully rij)e is shown 
under the microscope as a flattened hollow ribbon or col- 
lapsed cylindric tube twisted 
several times throughout its 
length, as shown in Fig. :Ji ;* 
it is of equal size for about 
three fourths of its length, and 
it then gradually tapers to a 
point. This point is a section 
almost perfectly cylindric, and, 
unlike the rest of the fibre, 
often composed of solid matter. 
Covering the outside mem- 
brane of the fibre is an oleagi- 
nous coating generally known 
as cotton-wax. This wax amounts to about two per cent 
of the fibre, and in the spinning of the material it requires 
to be reduced to a certain point of liquefaction by the 
heated temperature of the room before it can be made to 
work properly without lapping on the drawing rollers. 

These fibres vary in size from 0.00084 inch mean di- 
ameter, and about ^ inch long to 0.000635 inch mean 
diameter and 2i inches in length, depending upon the 
variety of the cotton; but for a given variety the diffei'- 

♦ See "The Cotton Fibre," by Hugh Monie, Jr. Published by 
Hey wood & Sou, Manchester, Eng. 




Fig. 87. — Cottox Fibre, Or- 
leans Vauietv {GoHsypiiim 
llirsutuin). 
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eti«e is very small: thus in the Sea Island cotton the 
maximum length of fibre is 2 inches^ while the minimum 
is 1} inches; in the same way in the Orleans variety 
shown in Fig. 37 the maximum length is 1^ inches and 
the minimum || inch. 

As a rule, those cottons which have the longest fibres 
are also the smallest in diameter: they possess the natural 
twist in a more perfect and highly developed form, and 
are much stronger and more elastic. 

In all good commercial fibres of cotton there is neces- 
sarily (1) a very small percentage of solidified oleaginous 
matter distributed over the internal surface of the fibre 
deposited when the vital fluids were in active circulation; 
and (2) a certain i)ercentagc of moisture known as water 
of hydration. 

These together with the twisted structure impart to the 
fibres that sui)pleness, tenacity, and elasticity without which 
they would be almost useless for manufacturing purposes. 

The cotton fibre is thus naturally well adapted to the 
work of being twisted into yarns; the presence of the 
natural convolutions and comparative smoothness of the 
surface of the unit filament permits considerable elonga- 
tion, and the wax on its surface serves as a natural lubri- 
cant and prevents the fibres from becoming brittle. 

Thus it will be seen that ropes made from fibres pos- 
sessing these characteristics are particularly well adapted 
to the transmission of power in which the rope is con- 
stantly undergoing a varying strain and is subjected to 
much fiexion. 

The strength of cotton roi)es is, however, relatively small 
when compared with otlier fibrous ropes, and although the 
weight is about one fifth less than man ilia, for equal di- 
ameters, tiie actual first cost is from fifty to seventy five 
per cent greater than for the latter. 

Nystrom gives the breaking strength of three-8tran<l 
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cotton ropes at less tlian one tenth that of similar manilla 
rojio. hilt this is apparently too low for a good quality of 
transmission rope. 

Tusts made at Watcrtowii on a number of Lambeth 
ropes varying in size from 1 inch to 2i( inches in diameter 
iiidieate that the breaking strength is equal to about 
4000^' pouuds, wliile the extension varies from twenty to 
twenfy-five per cent, cor resj ion ding to a reduction in 
diameter of about fifteen per cent. The weight of these 
ropes is very closely 0.^6^/' pounds per foot of length. 

A aeries of tests carried out by Kircaldy * on cotton 
ropes ranging iu size from ^J inch to S-^V inches in di- 
ameter give the breaking strength as 3700(/' pounds for 
minimum value and 5800(/* pounds as a maximum. The 
weight per foot of these ropes varied from 0.25if to O.Sfttf ; 
the extension under a stress of about 85 per cent of the 
breaking load varied from 17 to 'J7 per cent. 

Reduced to a common basis in which the strength is 
made proportional to the weight, and averaging the results, 
wo find that the breaking strength may be represented by 
4(;oO(r pounds. 

The data on cottou ropes are too meagre to determine 
wliether their strengtii decreases as the diameter increases, 
but tliis is probably the case. 

Itcnleaux gives 7."i(Hi pounds per sf|uare inch of section 
for cotton train miss ion -ropes, which agrees very closely 
with tJie above values. 

From the formula, breaking strength, S = 4600(f pounds 
the values given in Table III have been calculated, and 
may be considered as representing approximately the 
strength of cotton transmission -ropes of good quality. 

The working strength of cotton transmissioii-rope may 
be taken liigbor, in proportion to its ultimate strength, 

*See also Keut's " Mtcliniiii'iil P'licinepr'a Pockpt Book." 
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than is used with manilla, for the latter is weakened by 
the grease with which it is lubricated; and, moreover, a 
larger factor must be allowed for wear on account of the 
character of the manilla fibre, which breaks more easily 
under bending strains. 

As compared with manilla, then, the advantages of cot- 
ton ropes of the same diameter are: Greater flexibility, 
greater elasticity, less internal wear and loss of power due 
to bending the fibres, and tlie use of smaller pulleys for a 
given diameter of rope. Its disadvantages are: Greater 
first cost, lesser strength, and, possibly, a greater loss of 
power due to pulling the ungreased rope out of the groove 
— in any case this is usually small with speeds over 2000 
feet per minute. 

As we have already noted, manilla rope is used very ex- 
tensively for transmission purposes, but its application has 
not always met with that success which w^ould follow u 
more thorough knowledge of its requirements. Inefficient 
rope-drives are erected and run for a few months, or per- 
haps only days, and are replaced with larger ropes if the 
sheaves will permit, or, as in many cases, tne ropes give 
way to leather belting, and henceforth rope-driving is con- 
demned. The true cause is not so much the inefficiency 
of the ropes as it is the lack of knowledge governing their 
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tise and application; in order to obtain a proper concept 
tion of this a study of the Btructure of the rope will be 
found advnntageoiiB. Manilla, or, more prop- 
erly, nmuilla hemp (abaca) rope, is nmde from 
the fibres of the Mima lextilix, a plant closely 
allied to the banana, growing near Manilla, 
in the Philippine Islands. The fibres are a 
part, of the outer covering of the leaf-stulk, 
which attains a length sometimes as great as 
15 feet. To obtain fibres of suitable size for 
manufacturing rope the leaf stalks are sub- 
divided, and in the process of segregation 
the fibre assumes an appearance somewhat 
similar to that produced to splitting a piece 
of wood — it is rough and uneven, and more I 
orlesssplinterythroughout itslength. These , 
fibres, although in themselves not very large, 
are composed of very fine and much elongated 
bast-cella, which overlap each other as shown 
in Fig, 38. The cells are irregular in outline 
and vary considerably in size. The length 
of the cells is about one fourth of an inch. 
A series of tests on manilJa fibre carried out 
by Dr. Stanley M. Coulter of Purdue Univer- 
sity, shows that the cells are not, us com- 
monly supposed, held together by an inter- 
cellular tissue or mucilaginous substance. A 
cross-section of a portion of the fibre, («}, 
Fig. 39, enlarged 450 times, shows that there 
are no iiitercelluhir spaces; and various reac- 
tions to determine the presence of mucilage CKi.r:8 ov M*- 
or other vegetable glue revealed no traces of kH'I'* Pibke, 
its presence. 

The characteristic roughness possessed by the manilla 
fibre is duo entirely to mechanical causes, such as, for 
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mstsnce, the laceration of a cell in the separation from the 
leaf-stHlk, or the siibgeqiient opening out of the ends of 
the cells. 

The contour of the perimeter is also rougli, as noted in 
the %ure, Mb, as it retains the form impressed upon it by 
the contiguous cells when in the plunt. 

These fibres have great strength in the direction of their 
length, but are weak trunsversely;* when made into rope 
they are compelled, in bending over the sheave, to slide on 
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each other while under pressure from the load. Thig 
causes the internal chiifing and grinding which, if not pre- 
vented, aooii wears out a rope when subjectedto bending 
strain. 

In addition to the action of the fibres npou each other, 
the strands and the yarns of which the strands are com- 
posed also slide a small distance upon each other, causing 
friction, and hence internal wear. 

By opening out an old dry rope which has been used over 
a sheave, a fine powder will be disclosed, showing that 
where the rope was l>ent over the sheaves the strands, in 
sliding on each other, ground some of the fibres to powder. 
Anotlicr roiison for this is that the fibres in an old rope be- 
come brittle and weak when dry, so that the constant 



* Tbe tetiHil<^ atrencth of mauillu 
puunda |ier squaie inch of aectiuu. 
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flexure to which they are subjected rapidly disintegrates 
the cell congeries. 

Aside from the external wear which a rope suffers from 
contact with its sheave (part of which is the differential 
driving effect), these two are the principal causes of rapid 
wear in a rope-drive, to remedy which we must in the first 
case lubricate the fibres, and in the second, prevent undue 
flexure of the rope. How this is effected in practice will be 
seen presently. 
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CHAPTER VI. 

Ik mauufacturing mauilla rope the fibres are first spun 
into a yarn, this yarn being twisted in a direction called 
right-hand. From 20 to 80 of these yarns,* depending 
on the size of the rope, are then put together and twisted 
in the opposite direction, or left-hand, into a strand. 
Three of these strands for a 3-strand, or four for a 4-strand, 
rope are then twisted together, the twist being again in 
the right-hand direction. It will be noticed that when the 
strand is twisted it untwists each of the threads, and when 
the three strands are twisted together into rope it untwists 
the strands, but again twists up the threads. It is this 
opposite twist that keeps the rope in its proper form. 
When a weight is hung on the end of a rope the tendency 
is for the rope to untwist and become longer. In untwist- 
ing the rope it will twist the threads up, and the weight 
will revolve until the strain of the untwisting strands just 
equals the strain of the threads being twisted tighter. In 
making a rope it is impossible to make these strains exactly 
balance each other, and it is this fact that makes it neces- 
sary to take out the turns in a new rope — that is, untwist 
it when it is put at work. 



* A three-strand rope one inch in diameter is the key to the sizing 
of the yarns. Yarns of 208 are of such a size as to rfHjuire 20 to fill 
a tube half an inch in diameter, or to make one strand of an inch 
n>pe'. 26s requires 26 to fill the same size tube ; and so on. The size 
of cotton yarns, on the other hand, depends upon the number of 
hanks per i>ound ; thus 20*8, or number 29 cotton, requires 20 hanks 
(840 yards each) of this size to weigh one pound. 
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Tbe fibres of man ilia which are thus twisted into ropes 
will average over 6 feet in length, varying from 3^ to 12 
feet. If they were long enough, the most advantageous 
method of using them would be to lay the fibres side by 
side, and secure them at the two ends; each fibre would 
then bear its own share of the strain, and the strength of 
the bundle would be that of the sum of the strengths 
of the separate fibres. As a long rope could not be 
formed in this way, the fibres are secured by twisting 
so as to produce sufficient. compression to prevent them 
from moving upon each other when a strain is applied ; but 
in attaining this amount of compression their strength is 
greatly reduced; this very compression acts as a constant 
weight on the fibre, and must be deducted therefrom before 
the available strength can be applied. 

1'he weakening effect produced by twisting varies consid- 
erably among tlie fibre-^ of the same rope according to their 
distance from tiie centre or heart of the bundle. If a cer- 
tain amount of twist be given to a bundle of fibres, the 
outer ones will be strained more, and will act with less use- 
ful effect than those on the inside, which will have to bear 
the greater part of the strain while tiie rope is being used. 
It will therefore be evident that if the fibres were twisted 
at once into a thick rope the outer fibres would be so much 
strained as to be of little or no use in contributing to the 
strength of the rope, but by making the rope as we have 
indicated by first twisting into yarns, then into strands, and 
finally combining these into a rojie, the strain is more 
equalized, and the important properties of length and 
strengtii are secured witliout too great a sacrifice of the 
strength of the individual fibres. 

Tlie degree of twist in the rope may be deteruiined by 
constructing a right-angled triangle, tlie base of which is 
the circumference, and the heiglit the length of one turn 
of the strand measured parallel to the axis. The difference 
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between this height and the hypothenuse is the quantity by 
which the rope is twisted. The ropemaker's ordinary rule 
for a three strand ro{)e is to have one turn to as many 
inches as are contained in the circumference of the rope; 
but the degree of twist is variable and more or less de- 
pendent upon the judgment of the maker. 

Experiments by Keaumur to determine the effect of twist 
upon a rope showed that a small well-made hemp cord 
broke in different places with a mean weight of 65 pounds; 
while the three strands of which it was composed bore 29^, 
33^, and 35 pounds respectively, so that the total absolute 
strength of the strands was 98 pounds, although the aver- 
age real strength was only 65 pounds, thus showing a loss 
of 33 per cent. 

More recently the test of a small rope showed an average 
strength of 4550 pounds, while the aggregate strength of 
its 72 yarns was 6480 pounds — each yarn bearing about 90 
pounds; thus there is a loss of 1930 pounds, or about 30 
per cent. 

Kopes made of the same hemp and the same weight per 
foot, but twisted respectively to two thirds, three fourths, 
and four fifths of the lengths of their component yarns, 
supported the following weights in two experiments made 
by Duhamel:* 

Poundfi. Pounds. 

Twotliirds 4,098 4,250 

Three fourths 4.850 6,753 

Fourfifths 6,205 7,397 

The results of these experiments led Duhamel to make 
ropes without twist by placing the yarns together and 
wrapping them round to keep them together. The rope 
had great strength and pliability, but not much durability 

* ToinlinsoD, vol. vii. p. 574. 
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Oil Rcconnt of the outer covering wearing away or opening 
when bent, thus admitting moisture to the interior, wliich 
rotted the yiirns. 

In general, the greater the twiat the more hard and rigid 
the rope is, and the better it will keep its form; but it ia 
not as strong, weight for weight, as the more loosely 
twisted rope; moreover, the hard -twisted rope is more rigid 
than the other, and is ti<>r us suitiible for trnnsmissiou pur- 
poses, owing to the nipi^l wear which constant flexure 
produces. 

A very excellent tranamiasion-rope, known as the " Lam- 
beth," is made in a somewhat similar manner to that just 
described, but it is not open to the same objectiona. In 
this case the rope, which is of cotton, is made of four 
strands twisted together in the usual manner, but the 
strands are tliemsclveH composed of a bundle of fine yams 
and have scarcely an appreciable twist. Each bundle, 
comprising many hundred yarns, is wound spirally with 
emaller hnndlee of about 100 yarns each. In this way 
the outside of the rope acts as a shield or covering to 
the cores which do the work. By this means a certain 
amount of the natural elasticity of the cotton is re- 
tained, and its pliability is much greater than in ordinary 
hawser-laid ropes. 

Lulmcatiou of transmiaa ion -ropes is provided for in 
varions ways. Frequently the rope ia laid up dry and a 
coating or dressing is given to the exterior, which is sup- 
posed to penetrate to the interior and lubricate the fibres. 
With some dressings this may occur, but with others 
the eHect is merely local; the interior of the rope re- 
mains dry, and much bending soon wears it out. With 
cotton ropes, as we have already noted, the internal 
chafing and wear is very much reduced, and for this 
reason cotton roi)es are laid up dry and are not usually 
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lubricated; they are, however, generally coated with some 
form of dressing to prevent the fibre from rising or the 
rope fraying, and to protect it from an undue amount of 
moisture when exposed to the weather; it also assists in 
retaining the natural moisture in the fibres, without 
which they would become brittle and weak. 

According to the nature of the dressing, the interior 
may or may not be affected by the outer coating. Bees- 
wax and black lead, with a little tallow, forms an excellent 
moisture-proof covering for ropes; it fills in the spaces 
between the strands, and the rope soon assumes a perfectly 
round and smooth appearance, like a bar of iron ; with this 
coating the interior retains its natural condition, and should 
therefore not be used where a lubricant is desired. Pine 
tar is much used on cotton ropes for the same purpose. 
Mixtures of tallow and black lead; molasses and black 
lead; equal parts of resin or beeswax, with black lead, 
tallow, and molasses melted together, and a])plied hot; and 
various other compounds are in use for this purpose. 
Tallow, lard, and other greases are used separately, and are 
fairly satisfactory as a lubricant. When the rope runs out- 
of-doors a water-proof coating is necessary to preserve it 
from decay, and for this purpose, if it is also desired to 
lubricate the rope at the same time, there is probably noth- 
ing better than tallow and black lead, or graphite, pro- 
vided the rope is not twisted too hard, which would pre- 
vent the dope from penetrating. In certain drives that 
are subjected to hard service and are more or less exposed 
to the weather boiled linseed-oil is used very successfully. 
According to Mr. A. D. Pentz,* the rope is treated every 
two weeks to about two quarts of the oil, dripped one drop 
at a time upon one of the sheaves, which is uncovered on 
top; the rope runs on the bottom of the sheave and slowly 

* Eng. Magazine, Nov. 1893, p. 256. 
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absorbs the oil. Although the rope is very materially 
weakened by this process, yet the greater freedom of the 
fibres permits a heavier working strain to be carried, for it 
is the relative wear of the fibres that determines the life of 
the rope. A manilla rope with the fibres properly lubri- 
cated will, under the same conditions, outlast from two to 
four similar dry-laid ropes which are allowed to run dry. 
Manilla transmission-ropes are generally laid up in tallow^ 
paraffine, soapstone, or a mixture similar to the above 
preparations. 

A superior manilla transmission-rope is that known as 
the " Stevedore,'' or black rope, which is made with both 
three and four strands, the latter being laid up about a 
central core. The yarns of this rope are each coated with 
a mixture of graphite and tallow, so that when twisted 
into strands the coating lodges in the hollows and uneven 
places among the fibres, and thoroughly lubricates the 
strands and individual fibres composing the rope, which is 
thus made practically as nearly water-proof as possible. 
After it has been in use a short time its appearance is that 
of a black rod of iron, smooth and round, similar to the 
beeswax-coated rope previously mentioned, but perfectly 
flexible. A manilla rope thus made will last from three 
to eight years if not overstrained; when running indoors 
under favorable conditions the latter limit may be attained, 
but when exposed to the weather, or when working under 
less favorable conditions, its life will be shortened. 

Hemp ropes intended for outdoor service are sometimes 
treated by passing the yarns through boiling-hot tar, suit- 
able machinery being used to regulate the amount of tar 
retained in the yarns so that the fibres may be coated over 
and thus preserved from decay. Tarring protects rope 
from injury by exposure to rain and immersion in water, 
but it makes its fibre rigid and impairs its strength; for 
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this reason it is unsuitable for ordinary transmission pur- 
poses. 

It has been shown by experiment: * 

1. That white or untarred rope in continual service is 
one third more durable than tarred. 2. U*hat it retains its 
strength much longer when kept in stock. 3. That it re- 
sists the ordinary injuries of the weather one fourth longer. 

With the exception of the outside yarns of large haw- 
sers, man ill a ropes are not tarred. 

The breaking strength of a rope depends both upon 
the quality of the material and the degree of twist given 
to the strands; for a loosely twisted rope of a given diame- 
ter the strength is less than that in a hard twist of 
the same diameter, but compared weight for weight, the 
rope with the lesser degree of twist is the stronger. 

In discussing the strength of ropes, which formerly was 
always given in terms of the circumference, there is a lack 
of uniformity among writers in the relation between the 
diameter and area of a rope. The circumference, as meas- 
ured by a tape, depends upon the number of strands in the 
rope and their compression upon one another. If the 
strands still retained their circular section when twisted 
into a rope, the circumference of a ^strand rope would be 
2.86 times the diameter of the circumscribing circle, as 
given by Nystrom; if the strands completely fitted the 
circle its measure would be n times the diameter as given 
by Unwin and others. 

As neither of these conditions obtains in practice the 
true value lies between "1,%^ and 3.14, and we shall assume 
3 as the most suitable factor. 

In the same way the area of the cross-section of the rope 
is variously estimated as that of the area of the circular 
strands, or as the area of the full diameter of the rope. 



^DuUamel : Truite de la fabrique des manoeuvres pour Ics vaisscaux« 
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B; assuming the rope to bo made of three strands, the 
crosa-section of cucli of wliich is a circle, the area of the 

rope would evidently be ^f— (S'l, where S is the diameter 

of each strand. If d represents the diameter of rope, i.e., 
the diameter of circumscribing circle, the area in terms of 
d will become 



(?)■ 



nd* 



= 0.52rf*. 



The section of the strands, taken at right angles to the 
axis of the rope, is, however, not a circle, as can be seen 
from Fig. 40. The degree of twist given to the strands. 




Pig. 40,— ACTi! 






and the compression of the latter upon one another, will 
evidently affect the area of the section; for the longer the 
spiral the more nearly will the cross-section of each strand 
approach a circle. It is obvious that the true valne must 
lie between O.oScf and O.T8a4(f. In determining this area 
the writer made a number of plaster casts at different 
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points of Beveral 3-6trand maiiilla ropes, vsrying in size 
from } inch to IJ inches diameter. With these casts as 
dies, which were covered with printer's ink, impressions 
were made and the area obtained by using a plaiiimeter. 
The area at several scctioiis was found to be practically 
constant for each rope, and varied between 0.6l(/' and 
0.65d' — the mean value being 0.6'dd', from which we 
obtain the ratio 



Area of section of rope __ 0.636^* 
Area of ciicnmscribing circle ~ 0.7854^' 



:0.81; 



that is, the actual area of a 3 striind rope equals eight 
tenths of the area of the circuniscrihiiig circle. 




Fio 41 —Cross- SECTION of Ropb. 

A print obtained with a plaster cast, showing the distor- 
tion of the strands from a true circle, ia reproduced in 
Fig, 40. Fig, 41 is a similar print, showing the relation 
between the uutital area of the cross- section and tlie area 
inchtded between circular strands and the tangents joining 
them. It will be noted that the excess of area outside of 
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the lines drawn tangent to the inner circles is but slightly 
greater than that between the tangents and the inner 
circles. 

An inspection and tabulation of the results of numerous 
tests on manilla rope'*' shows that the strength per square 
inch incrcitses as the diameter of the rope decreases. 
Formuliis for the strength of rope based upon the circum- 
ference and a constant multiplier — as, for instance, iS = 
800c', where JS is the breaking strength and c the circum- 
ference — must be regarded as giving only an average value 
for diameters approximating those experimented upon. 
As the strength of good manilhi rope varies from 10,000 
pounds per square inch for a 2-iuch rope to over 12,000 
pounds for a half-inch rope, it can be seen that a more 
accurate determination may be made if a variable is used 
in the formula. With the above assumption of area ratios, 
obtained by trial, the following expression has been de- 
duced, which will give a very fair value of the breaking 
strength for new numilla ropes: S^ = 100^/V, in which x 
is a variable depending upon the diameter of rope; for 
manilla rope we may assume the empirical value 
X = 81 — 9(1, where d is the diameter in inches. 

The ultimate strength per square inch of actual section 
will then be 



s = 



0.8 -^d" 



From these formulas Table IV has been computed : 
The above values are for now manilla ropes made of 
selected stock; ropes that are greasy or wet will be reduced 



* Major Parker's roport of tests made at Walertowu ArseDal, 
1885. Ex. Doc. No. :36. Experiments of 31. Doboul in "Bulletin 
de la Societe dEnroiirajremont des Arts," Paris, 1888. Kiehle Bros.' 
laboratory tests ; and olhcir . 
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Table IV. 


—Strength of Manilla Tranbmibsiok-ropes. 


)ia. of rope = 


^ Breakinfi; Streng^th, 
"• Si = lOOd'x. 


Strength per square Inch, 8, 


i 


1,900 


12,200 


i 


2,900 


11,950 


i 


4,100 


11,750 


i 


5,500 


11.525 


1 


7.100 


11.850 


u 


8,800 


11,125 


u 


10.900 


10,975 


u 


15.000 


10,625 


If 


19,800 


10,300 


2 


25,100 


10,000 



in strength from 20 to 30 per cent, but when ropes are 
used for transmission of power the lubrication of the 
fibres is of more importance than the actual breaking 
strength of the rope, as in any case the apparent working 
strain, as calculated from the power transmitted and the 
speed of tlie rope, should not be taken greater than 5 per 
cent of the ultimate strength; in many cases not more 
than 2 per cent is used. 

If we wished to obtain the working strength in 
any given case we would usually divide the breaking 
strength by an assumed apparent factor of safety, but 
for a flying rope, in addition to this, it is necessary 
to provide a factor of wear; moreover, the actual strains 
are generally much greater than the normal as calcu- 
lated from the power transmitted, due to vibrations in 
running, imperfect tension mechanisms, defects in con- 
struction, and other causes. As the strength at the splice 
is only TO to 75 per cent of the strength of the rope, the 
actual margin for wear and unknown strains is not as large 
as would at first seem apparent. In the first place, the 
strength of a lubricated rope is weakened about 25 per 
cent by the grease, then 25 per cent more must be deducted 
for the strength of the splioe; this leaves only about 50 
per cent of the original strength of the rope which is 
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available for transmission of power. To allow for possibli* 
imperfections in the rope, clue to its manufacture or the 
material used, we must allow a further reduction of, say, 
one fifth (that is, 10 per cent of the original strength of an 
unlubricated, unspliced rope); thus we have only 40 per 
cent of the original breaking strength, which we may con- 
sider as the actual working strength. Allowing 10 per 
of tliis as the apparent working strain (equal 4 per cent of 
original strength), we obtain 3G per cent as the actual 
margin for wear and unknown stresses which may be set 
up in the rope; that is, we have practically only an actual 
factor of safety of ten, used in its ordinary acceptation, 
instead of twenty-five, as would appear from the low work- 
ing stress. 

The working strain in executed rope transmissions will 
be found to vary considerably, as shown in Table V ; 
but plants which have been successful, as well as 
those in which the wear of the rope was destructive, indi- 
cate that 200(1* pounds is an economical working strain.* 

As this value is such a small percentage of the breaking 
strength, it is unnecesjsary to use a coeHicient varying with 
the diameter of rope, as the difference is not worth C9n- 
sidering. From data furnished by the Messrs. Pearce 
Brotliers, of Dundee, wlio have erected rope-belting exten- 
sively, Prof. Unwin shows that in different cases in practice 
the driving force, or difference in tension, on the two por- 
tions of the rope is equal to 75 to 80 (P pounds; that is, 

7\ - T; = /^ = 75 to 80 (1% 

where T, = tension on driving side; 
7\ = tension on slack side; 
p = driving force. 



* Soo paper by C. W. Hunt. Trans. A. S. M. E., vol. xii. 
page 230. 
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T 

It is probable that the value of the ratio -p varies from 

1^ to 2\ in ordinary practice, depending upon the speed of 
the rope, the coeflBcient of friction, and the arc of contact 
between rope and pulley. 

T 

Unwin assumes -p = 1.2 when the belt embraces 0.4 of 

the circumference of the smaller pulley; hence the greatest 
tension would be 

T, = 1.2P = 90rf* to 9Gd\ 

This is based upon a coeflBcient of friction = 0.7 for a 45° 
groove, which we believe to be greatly in excess of its aver- 
age value for running ropes. Moreover, the rope velocity 
was not considered in determining the above ratio; at 
speeds over 2000 feet per minute the influence of cen- 
trifugal force cannot be neglected, as it produces a very 
considerable force in the rope, and for these reasons the 

T 
value of the ratio -j^ will be greater in average practice 

than 1.2. 

If we assume a speed of 4000 feet per minute, the value 
of this ratio for greasy ropes may be ttiken equal to 2, from 
wliich there is obtained T, = 2 x 75(P to 80d* = 150d' to 
\GOd* — a value somewhat less than that which we have as- 
sumed as a suitable working strain, viz., 200d* pounds. In 
a recent communication from Messrs. Combe, Barbour & 
(•ombe of Belfast, who have been engaged in furnishing 
rope transmission for thirty years, it is stated that their 
basis of calculating the horse-power is to assume that a 
rope 5^ inches circumference (1} inches diameter) work- 
ing on a four-foot pulley going 100 revolutions per minute 
will drive 8 h. p. under medium circumstances; and by 
•• medium circumstances" they mean " that the ropes must 
work at a distance of at least 20 feet from centre of shafts 
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uud at a less inclination than 40° from the horizontal^ at a 
speed not under 2000 feet per minute. Should the ropes be 
working vertically or at an angle greater than 45% instead 
of taking 8 h. p. as the basis^ you should take 7 or 6 respec- 
tively, according as the conditions grow worse and worse. 
On the otlicr hand^ should the ropes work horizontally 
and at a greater distance than 20 feet from centre to centre, 
and with a speed up to 3G00 feet per niinute, and tlie pul- 
leys be fairly large, stiy from 5 to T feet in diameter, you 
may take 10 instead of 8 as the basis.^' From these consid- 
erations the working strain may readily be determined. If, 

T 
as before, we take -^ = 2, we find that under average con- 
ditions the allowable working strain will be 7\ = 135r/* 
])Ounds. Under more favorable conditions and a higher 

T 

velocity -^ will be greater and 1\ will approach 200«/*. 

Although we have assumed the normal working load not 
to exceed 200^/" pounds, this must be considered as the 
economical load for the lasting qualities of the rope; in 
many cases, however, the first cost, the more convenient 
adaptation of smaller ropes, and the use and lesser cost of 
smaller pulleys outweigh the greater economy obtained by 
the larger ropes, and loads are carried far in excess of that 
given. By the use of a greater number of wnips the work- 
ing load on each will be reduced ; but this adds to the first 
cost of the plant, and many concerns prefer to put in a new 
rope every year or two mther than put in more or larger 
ropes every six or eight years. 

The ropes most commonly found in use vary from ^ inch 
to 2 inches in diameter, although other sizes are frequently 
employed ; in one case, cited by Mr. T. 8. Miller,* a rope 

♦ Trans. A. 8. M. E. 1891. 
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no lur^er than -fg incli diameter is naed very satisfactorily 
to ti-aiismit 'ZO b. p. 

Tlie largt-Bt rope in use foi' this purpose, ho far as the 
writer ii aw!ir<.', is 'd^ inches in diameter: it jg of cotton 
(Lambeth), »rid is used to drive the cable drums in the 
W'ughingtoii Street power station of tlie North Chicago 
Street Uailwuy Compuoy, 

In Etigiund tnid Germany ropes emaller than I inch 
in diameter are seldom employed except for machine 
driving ; in ordinary caws the sizes most fi-eqnently 
adopted vary from 14 to 'Z inches in diameter. 

In main drives where a nnmber of ropes are used, the 
tendency, an judged from recent practice, seema to favor a 
diameter iibont Ig or IJ inches. 

With a given velocity and working tension the weight of 
rope required for tninsmitting a given horse-power will be 
the same, irrespective of tlie diameter of voyK ; the 
smaller rope will rcqitiro more parts, but the weight will 
be the same. As we have stuted, many engineers prefer 
to use a greater number of ropes over wide-faced pulleys; 
but in order to reduce the expense incident to a large 
number of grooves in the pulleys a closer margin is allowed 
on the smaller ropes, and in coneequonce the normal work- 
ing strain on cuch rope is usually increased far in excess of 
that which would be necessury if the same weight of rope 
were employed as for the larger diameter. As a result of 
this, the small lopi-s are nipidly worn out, and frequent 
ninewjils become iiect'ssnry. 

We are aware tli:it smidl ropes are advocated and in- 
stalled by many eiij;ineors, but we believe this to be wrong 
both in iirinciplu and practice. In rope-driving the first 
eost and erection of small driving-pulleys may influence a 
designer to use small ropes; but as ropes are sold by the 
pound, and as the weight necessary to transmit a given 
power should be the same, irrespective of the diameter, it 
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is evident that the first cost of the rope itself will be the 
same^ whether large or small ropes are employed. More- 
over, if the pulley is proportioned to the size of rope in 
each case, the smaller rope will hist only about one third as 
long as a rope twice its size, under similar conditions. 
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CHAPTER VII. 

However desirable it may be to use a given diameter of 
rope, the conditions of the problem frequently prohibit the 
employment of such ropes, and the designer must deter- 
mine whether he shall use a smaller diameter or a different 
material or method of transmission. 

If we assume that there is a minimum diameter of pulley 
which may be safely used for any given diameter and speed 
of rope, it will be evident that the number of revolutions 
of the pulley imposes conditions which limit the choice of 
rope diameter. 

Thus if the maximum speed of rope be taken at 5000 
feet per minute for a permanent installation, in which the 
working load is 200^' pounds, and the least diameter of 

pulley D = d'' ( V^) + 1^" (page 179), then the greatest 
munbcr of revolutions which can be obtained under these 
conditions with a 1-inch manilla rope will be 550. 

If the least diameter of pulley for cotton ropes be taken 
ecjnal to 0.8Z>, then the greatest speed will be approxi- 
mately 700 revolutions per minute for the same diameter 
of rope. If a greater rotative speed be desired, it is evident 
that a smaller rope must be used. 

In any case, the greatest number of revolutions which 
may be obtained without excessive wear for a given diame- 
ter of rope will be found in Table VI, which has been de- 

y 

termined from the formula K= — ^, in which 

nu 

X z^ revolutions per minute of smaller pulley; 
V = velocity of rope in feet per minute; 
I) = least permissible diameter of pulley. 
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For niachiiie-driviug greater speeds are obtained by the 
use of smaller ropes than those given in the table; but it 
is not advisable in most cases to use a rope less than | inch 
diameter for general transmissions. 



Table VI. — CJreatest Revolutions per Minute for given 

Diameter of Rope. 



Diameter 

of 

Rope. 



1 

u 
u 
u 

2 



Maximum Revolutions per Miuute of Smaller Pulley 

corret^iondiiiK to a Linear Velocity of 

oOOO Feet per Minute. 



Manilla. 


Cotton. 


710 


890 


550 


670 


430 


530 


850 


440 


280 


850 


240 


290 



The wear of a rope is both internal and external. As we 
have previously noted, tlie internal wear is due to the bend- 
ing of the fibres and their sliding upon one another, which 
produces a grinding action, — very much increjiscd when the 
strands are not lubricated or when a hard twist is given to 
the rope, thus preventing by the greater compression of the 
fibres upon one anotlier that freedom of action which is so 
essential to the life of the rope. It is evident that a similar 
compression of the fibres will occur when a rope under ten- 
sion is wrapped around a pulley: tlie greater this tension 
the greater also will be the compression and distortion of 
the fibres. 

The ext(»rnal wear is due to the contact between the rope 
and th(^ sides of the irroove in which it runs, and is irreatlv 
increased when slip occurs; roiiglmees in tlie groove also 
increases the wear, and for this reason the rim should be 
turned smooth and polished, as the? outer fibres, rubbing 
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ou a rough-turned or cast surface, will gradually break, 
fibre by fibre, and thus give the rope a short life. 

Contact between different ropes, or between a rope and 
some obstructing surface, such as a partition wall, post, or 
floor-beam, is frequently the cause of a large portion of the 
external wear of a rope: this may be due to faulty construc- 
tion or erection; pulleys designed with too small a pitch 
between the grooves, or running out of true, causing the 
ropes to vibrate and flap against each other, or, as in out- 
side work, a swaying, producing contact, may be set up in 
the ropes, due to the action of the wind. 

Excessive swaying will also tend to cause the rope to 
jump its groove. In order to prevent this and reduce the 
side motion as much as possible it is often customary in 
outdoor drives to place idlers for both tight and slack 
sides of the ropes so as to guide each portion as it enters 
upon or leaves the groove. 

A characteristic uniform surging sometimes occurs in 
flying ropes due to the harmonic vibration which is set up 
when the speed and distance between shafts bears a cer- 
tain relation to the tension in the ropes. Cases of exces- 
sive vibi-ation due to this cause have been remedied by 
slightly increasing or decreasing the speed of the ropes. 
Where such vibration causes the rope to beat against an 
obstruction, as a floor or ceiling, the external wear is of 
course increased. 

With the same total stress in a rope, it may be assumed 
that the wear, both internal and external, increases directly 
with the number of flexures, the slip, and the surface in 
contact; and also, that a reverse bending is more injurious 
to the rope than single bends in a constant direction. 
For a given speed the number of flexures and the actual 
surface in contact with the pulleys will decrease as the 
distance between centres increases, and hence the wear 
will vary inversely with the distance between centres of 
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pulleys, but it must be noted that with imperfect con- 
Htruction an iDcreasud distance betwoon sbafts will favor 
swaying and rubbing of tht; ropos against eiicli other and 
the edges of tlie grooves. 

The number of flexures and the surface iu contact wilt 
rvidently Inci-eaNe directly as tlie velocity, and tlierefon' 
the weiir may be assumed to vary directly as the velocity of 
the rope. If we assume that two 1^-inch ropes are neces- 
sary to transmit a given horse-power, it will require eight 
^-inch ropes to transmit the same power at the same speed 
and tension per square inch of section. If suitable pul- 
leys are used in eacli case the wear will he considerably 
greater with the smaller ro]>ea. For the total external 
snrfiice of the eight ropes in contact with the pulley each 
revolution in twice as great us that obtained with the 1^- 
iiich ropes; moreover, the distance lietwecn centres of 
aliafts will generally l>e considerably less with the smaller 
ropes, and us the number of revolutions of the smaller 
pullej's should be more than twice as great for the same 
speed of rojw (since the pulleys arc less than half the size 
of those used for the larger rope; see page ItfO), the number 
of flexures and the wear of the rope on tlie pulleys will be 
greater with the J-inch rojie ; lor not only is each rope 
bent more than twice as many times per minute, thus pro- 
ducing eight times the bending in the smaller ropes, but, 
as the slip is independent of the diameter of the rope, it 
will be evident for the same pi-oportiunal stress and arc of 
contact that the sJip will be four times greater in the cose 
of the smaller ropes, even if we neglet;t the dillen'ntial 
driving effect which may be iL-ssumcKl to increase with tin' 
number of ropes. 

Tlius it will -w seen that nnder similar conditions and 
]iroportional stress, we should ex)H'ct I he stniiller rope t" 
we-iir out more than twice as fast as mie double its size; 
and when the stress is proportionally gi-eater in the smaller 
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rope, OS we ordinarily find it, the wear will be still 
greater. 

These conclusions are borne out in practice, for in trans- 
missions using small ropes, j-inch in diameter and under, 
the life of manilla ropes is nsually only from six to twelve 
months; in many ciises such ropes will last only three 
months, although others have been in active service for 
periods varying from one to two years. 

On the other hand, the larger-sized ropes, one inch to 
two inches in diameter, will last from two to six years, and 
under favorable conditions large ropes have lasted eight 
and even ten years. 

The same is true regarding cotton ropes. 

The comparatively short life of small ropes used in 
machine-driving has led to the belief that cotton ropes 
wear out rapidly; but such an impression, at least regard- 
ing the larger sizes, is altogether erroneous, as these ropes 
when properly put on and cared for will give good service 
for ten or twelve years. 

Messrs. John Musgrave & Sons, Bolton, Eng., who have 
had a large experience with roixj-driving, state that some 
of their ropes have been in use for seventeen years and were 
still in good order. 

The life of a rope, whether of manilla or cotton, will de- 
pend altogether upon the work it has to do and the atten- 
tion it receives. 

Two ropes cut from the same coil can be put to work on 
different drives, and one will last only six months while 
the other will be in good condition after continual service 
for ten years. 

From an investigsition of numerous examples of rope- 
driving under a variety of existing conditions the writer 
is led to believe that ropes less than } inch diameter 
should not be used if it is at all practicable to employ the 
larger sizes, and that ropes one inch in diameter and over 
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are to be preferred where it is possible to use the lurg<*r 
pulleys whieli are necessary for such ropes. 

With larji^er ropes the wear is not only much less, but, 
whore the -sual multiple- wrap system is used, when a 
number of yarns give way the ro|>e does not part at once 
if subjected to a greater or sudden tension, but may run 
until a convenient opportunity offers to shut down; where- 
as with the small ro|)e, having a greater number of wraps, 
when a strand or a number of yarns give way, any in- 
creased stress due to additional load or imperfections in 
the system is liable to still further rupture the yarns in the 
weaker rope, and a sudden break or pulling out occurs. 

Besides the greater life of the rope, and consequent less 
cost, the saving of time on account of fewer brejikdowns 
and stoppages is a factor worth considering; and although 
this feature does not cut as much of a figure with rope- 
driving as it does with factory belting, yet it is of sucli 
importance that many men would rather use some other 
form of transmission than suffer the annoyance incident to 
resplicing a broken rope every few months. While the 
time lost in repairing the rope or in laying down a new one 
mny not be great in itself, the stoi)i)age of a department in 
a busy season may prove to be a serious loss. Where 
foundries and isolated shops have been driven by small 
ro])es this hsis happened so frequently that the ropes have 
been taken out and replaced with shafting, or other more 
expensive method of transmission. 

In order to avoid any serious loss of time or inconven- 
ience due to a sudden rupturii two independent ropes 
should be used, each hiivini' its own tension sheave and 
weight. This docs not involve any more wraps than would 
otherwise be used for a single wind, for the normal work- 
ing stress is in any case so much less than the actual 
strength that for a ttini}>orary run of a few hours, or even 
days, one rope could readily carry double its working load 
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iu case the other should give out. When two independent 
ropes are thus used tliey nmy be wound separately, each 
wrap occupying successive grooves on the pulleys ; or, 
which is more frequently the case, the ropes may be wound 
in parallel, thus bringing each roi)e in alternate grooves: 
in either case it is preferable to use an independent 
tightener, although a single-tension carriage, provided 
with two sheaves, may be used; but with thin latter, owing 
to local causes and the difficulty of splicing both ropes of 
an equal length, the load is not as well distributed between 
the two ropes. 

In subsequent considerations of the driving power of 
ropes the rt'lation between the ultimate strength, weight 
per foot of length, normal working strain, and the diame- 
ter of rope will be represented by the following equations 
which have been determined for manilla transmission rope: 

Let d = diameter of rope in inches; 

to = weight of rope in pounds per foot; 
S^ = breaking strain in pounds; 
/ = normal working strain in pounds; 
X = an empirical coefficient. 
Then w^O.dUGcP; 
S, = lOOiTx; 
t* = 200ef ; 
u; = 81 — 9(7. 

The weight w per foot of length varies considerably m 
different makes of rope, depending upon the amount of 
twist and the foreign matters in the rope. 

It is well known that much of the cheaper manilla rope 

* On account of the relatively great difference between Si and t, it 
la not thought advisable to consider the increase in strength of the 
smaller ropes, as in any case the difference would be very slight, and, 
moreover, it must be noted that t is the normal estimated strain, and 
may vary considerably from the nrtual strain. 
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on the market is largely adulterated with weighing mate- 
rial, such as gelatine size, French clay, and white lead. 
Thus some mauilla ropes will weigh not more than O.HGiP 
pounds when dry and very loosely twisteJ; in other cases 
the weigiit will be as much as OAGtP pounds per foot of 
length. The value we have given, viz., 0.32d* pounds, cor- 
responds very closely to the average weight of good quality 
lubricated transmission ropes. 

Cotton ropes are about twenty per cent lighter for equal 
diameters, and will vary from 0.20r?' to 0.29^/' pound per 
foot. In the following table (VII) 0.'d2(P has been used 
for man ill a and 0.2Gd^ for cotton rojies. 



fp 



rxiiLE VII. — Weight of Koi'eh 



' 


Weight in Pounds per Foot, 


Diameter 


— — 




of 




Rope. 


Manilla. Cotton. 




w = O.Sitt*. ! ir = 0.36fy«. 

1 


f 


0.18 0.15 


1 


.32 


.2tt 


H 


.50 


.40 


U 


.72 


.58 


U 


.98 


.79 




1.28 


1.04 
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CHAPTER VIII. 

Ik determining the horse-power which a rope will trans- 
mit under given conditions the centrifugal force due to the 
velocity and weight of rope is an important factor, and its 
influence should be considered in all cases where the 
speed is greater than 2000 feet per minute; for at high ve- 
locities this force diminishes the pressure exerted betweer» 
the rope and the circumference of the pulley, thus reducing 
the friction between rope and pulley. When, therefore, a 
rope has to tnmsmit a given force, P, it must be subjected 
to a greater tension the greater the centrifugal force F^, 
At a speed of about 90 feet per second the centrifugal 
force increases faster than the power from increased veloc- 
ity of the rope, and at 140 feet per second this force equals 
the assumed allowable bnck tension in the rope; and since 
the transmitting force is equal to the difference in tension 
in the two parts of the rope,, it will be seen that no power 
will be transmitted at this s])eed unless the assumed allow- 
able tension be exceeded. 

It is evident that for a given total tension the less back 
tension required to prevent the slip of the rope on the 
pulley the greater will be the power transmitted at a given 
speed. 

The determination of this back tension is, however, at- 
tended with a degree of uncertainty, as there are no con- 
clusive experiments which give reliable data for its calcu- 
lation; the coefficient of friction, 0, as stated by various 
authorities, varying all the way from 0.075 up to 0.88.* 

* The probable reason for such widely divergent values lies in the 
fact that the coefficient of friction varies with the percentage of 
,slip, and those tests made with very little slip would show a small 
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Ktiuleaux cjuotos tlif t;X}ieLiiiiMite of Leioulru and otliiTB 
us indicating a value uf U.075 for cylindricikl pulleys with 
now hemp rope, 0,038 for semicirculur grooves, ami 0.15 
for a weilge groove of 60°. 

Kxperimeuta by tlic Messrs. Petircc Brotliws, of Dundee, 
flive a valuf of equal to 0. 57 to 0.88 tor ropes on uiigreased 
piilieys, and — 0.38 to 0.41 wlicn thu pulioyn are greased. 

I'tiwiu states that the coi'fficlent of friction for ropes on 
a Hut-miital pulluy is uqual to 0.^8, from which the actual 
coetliciont fur a grooved pulley is obtained by multiplyiug 
0.-2S by tiif (!Oscc. of half the angle of the groove. For an 
angle of 4.'i° this would give = 0.73. These latter valuva 
are probably very much higher than is ordinarily found in 
actual practice with well -lubricated ropes and moderate 
slip. Krom a consideration of the above and various other 
expcnments, and the conditions under which they wci-e 
carried out, it would ap|)ear that for ropi's which are partly 
worn anil siitficiently greased to wear well with a low per- 
centage of slip a value of 0.13 for a flat- surfaced, smooth- 
metal pulley will approach very cloai^y to tliose conditions 
wliich obtain in average practice, from wliich the following 
worlring coefScienta are deduced: 



,(.,„U^, „«,..) 



Bu:jidos varying with the angle of groove, as shown, the 

cnt'iliiiictiii nil ilje oibcr liauil. it Is aiife ti> iisaiinio that ibo larger 
vnliies were ulilaiuvii uudur coDililioii:^ In wlik-li llic slEp wiu greatly 
iiieiuisui]. Varyiiii; uluiostiliuric coiii.lUious iind dillcri'ut degrees uf 
lubricuii»u aru hImj linmly rebpuusible for tliese divurguiii ru^ullii. 

Sv;u |>ii|>cr lij- Pri.f. Liiu/ji iiii "FLifliiJi] «f U'lilhor Bulliug." lu 
Trims. A.. S. M.E.. v()l. vii. p. ai7; iiU ■■EKpL-riini-iits <iii I'owi-r 
Tr!,ii.«m!llc<i by IJ.-llliig," liy Wilfrurl Lewis, ia Truas. A, S, M. E. 

M.I. VII. ].. wg. 
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coefficient of friction is affected by the condition of the 
rope, and for dry ropes <t> may be taken somewhat greater 
than the above value; will also be increased with an in- 
creased percentage of slip. 

If the arc of contact on smaller pulley, the coefficient 
of friction between rope and sheave, and the total tension 
in the rope be known, the tension on slack side of the 
pulley, and hence the horse-power transmitted, can be 
readily determined from the following considerations:* 

Assuming, as before, that the driving force P is equal 
to the difference in tension 1\ on the driving side of the 
rope and T, on the driven side, and noting that the driv- 
ing force must equal the friction F between the surfaces, 

we obtain 

T, - 7; = P = i?l 

The friction F depends upon the arc of contact a between 
the rope and its sheave, the coefficient of friction 0, and 
upon the centrifugal force F^ set up in the rope, due to 
its velocity and weight; it is, however, independent of the 
diameter of pulley. To determine the values of Fy T,, 
and 7\ it will be necessary to assume a given tension in 
the rope; also its speed and weight, coefficient of friction, 
and arc of contact. 

Let/ = friction between element of rope and pulley; 
g = acceleration due to gravity = 32.16; 
p = normal pressure exerted by element on pulley; 
t = allowable working tension = ^OOcP pounds; 
V = velocity of rope in feet per second ; 
w = weight of rope per unit length and area 
= 0.3216^ pounds per foot; 

z = abbreviation for — r; 

9 i 



* Weisbach, vol. ni. p. 254. See also Beuleaux. 
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A = area of croBS-sectioa of rope; 

F,= centrifugal force due to speed and weight of 

rope; 
F. = driving force = T, — T,; 
R = radius of pulley; 
T = tension in rope at any point; 
7*, = tension in rope on tight side; 
7*, = tension in rope on slack side; 
a = least arc of contact between rope and pulley — 

circular measure = 0.0IT5 x arc in degrees; 
= coefficient of friction. 

If in Fig- 43 T is the tension in the rope at any point 
/), then the tension at the point E, whose distance from 
D is dt, will be T + dT. Assuming / to represent the 




friction on the element DE, we shall bave/= dTvhen 
the several forces are in etiiiilibriiim. Since the friction 
is dependent upon the normal pressure^ exerted by the 
element upon the rim of the pulley, and since this normal 
pressnre is diminished by the centrifugal force due to the 
weight and Telocity of the element, we shall have 
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dT=<p{p-F,). 



(4) 



Now p is the resultant of the two forces Tand T+ dT; 
hence 

j,= rsm^ + {T+dT)Bin^, 

which may be assumed equal to Tda on account of the 
smalluess of da and dT. 

The centrifugal force of the element of the rope is 

V* T V* 

and since ds = Hda, we have 

F,=zw-r —da. 
^ 9 

Substituting these values oip and ^, in dr= 0(p — F^^ 
we obtain 



dT 



= (^ (rda -• w^- jda^ ... (5) 



wv* 



For convenience, let z =— -: then 

gt 

dT 
dT = 07(1 - z)da, or ^ = 0(1 - z)da. 

Integrating, 



/•^' dT r* 

/ ^ = / 0(1 - 2^)rfflf, 



hyp log 1^' = 0(1 - J2f)ar; ... (6) 



hence 



^1 — ^^(1 - «) 



or ^^^.[e*-^^-'^], 
in which € is the base of the hyp log = 2.7183; therefore 
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7*. - r, = /» = ^.[c*^* — >] - y, = 



r.Ce*'^ -*>-!] 



(7) 



If we assume -^ = r, there is obtained 

r 7'. 7, 



r - 1 ~ r. - 7; ■" P* 



These ratios, r and 



r 



r- 1 



, Reuleaux calls the friction 



modulus and the stress modulus, respectively. 

As the common logarithm of e is 0.43430, the value of 
r may be more readily obtained from common log r = 
0.4343 0a(l — 2) ; if the arc of contact is given in degrees, 
a = 0.0175a°, which gives the common log 

r = 0.4343 X .0175aXl - 2) = 0.0075780a (1 - z). (8) 

As the weight of a manilla rope one foot long = 0.32^* 
pounds, the value of z for varying speeds can be deter- 
mined from 

wv^ 0.01 (ft;' 

4 \^) 






gi 



If now we assume a constant working stress t = 200ef 
pounds, then 



'="^? -•«--■ 



• (10) 



In the work which follows we sliall assume that the ten- 
sion T^ in the rope on the tight side (driving tension) equals 
the allowable tension /. 

From these assumptions the following table (V^III) of 
the values of 1 — jj has been computed ; 



R0t>K-l>1lTTI!r<». 



At 



Wi 



Table Vlll.— ValUks ov i —t for a WontaMo Stress equiva- 

LKKT Tir 90(kf* Pounds. 



Velocity 

ill Feet 

per Minute. 

1000 
2000 
2500 
3000 
3500 
4000 
4500 
5000 



Valued of 

1 -2. 

0.98 
0.94 
0.91 
0.87 
0.83 
0.78 
0.72 
0.6o 



Velocity 
in Feet 
per Minute. 

5500 
0000 
6500 
7000 
7500 
8000 
8500 



Values of 

0.58 
0.50 
0.41 
0.32 
0.22 
0.11 
0.0 



It will be seen from the above that when the velocity of 
the rope is as great as 8500 feet per minnte, 1 — « = 0, 

T 

hence log r = and ^ ^ 1; that is, 7", — jT, = 0, and 

therefore no power will be transmitted unless the assumed 
working tension / be exceeded. 

In average work the lesser arc of contact embraced by 
the rope — generally on the smaller pulley — will be about 
165°, and this value may be assumed for approximate cal- 
culations with a working degree of accuracy. If the angle 
in degrees is known, its value, a, in circular measure, can 
be obtained from Table IX, in which a = 0.0175flf°. 



Table IX.- 


—Angle Embraced 


BY ROPB. 
Fraction of 


Degrees, 


Circular Measure, Circumrerenee, 


a*. 


a. 


MO/a'. 


105 


1.88 


0.29 


120 


2.09 


0.88 


185 


2.35 


0.37 


150 


2.62 


o.«» 


165 


2.88 


0.46 


180 


3.14 


0.50 


195 


8.48 


0.54 


210 


8.66 


0.58 


240 


4.19 


0.66 



If we now assume the coefficient of friction <p to be 0.31 
for a 45** groove, we may obtain the value of the ex- 
pressions 
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|=e*^>-*> = r and ^ - ^^. 
In order to simplify calculatioD, the following table (X) 

T 

contains values of r and 7, which will enable the horse- 

r — 1 

power transmitted by a rope to be determined with a degree 
of accuracy depending upon the assumption of the coeffi- 
cient of friction : 



Table X.- 


— Fkiction a 


^«(i - «). 




0.1 


1.11 


0.2 


1.28 


0.8 


1.85 


0.4 


1.49 


0.5 


1.65 


0.6 


1.82 


0.7 


2.01 


0.8 


2.22 


0.9 


2.46 


1.0 


2.72 


1.1 


8.00 


1.2 


8.82 


1.8 


8.67 


1.4 


4.06 


1.5 


4.48 



r _1\ 
r-1 p' 

10.41 
5.40 
3.86 
8.02 
2.54 
2.22 
1.99 
1.82 
1.69 
1.58 
1.50 
1.48 
1.87 
1.88 
1.29 



The following application will show the use of the tables. 
Let it be required to determine the horse-power transmitted 
by a rope 1 inch in diameter running at a velocity of 4000 
feet per minute over a pulley with 45® grooves. Assuming 
an arc of contact of 165°, we find from Table IX a = 2.88; 
for the required velocity, 4000 feet per minute. Table VIII 
gives 0.78 as the value of I — z; tlierefore, assuming the 
coefficient of friction = .31, we obtain 

0a(l -z) = 0.31 X 2.88 X .78 = .69. 



1 

From Table X the value of ~p, corresponding to 0.69, 
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is nbout l.'J9; and as T,= 200d' pounds = 200 iu the 

T 
pretieiit case, we find P = — ^ = 100 poundB. 8inc« 

^^ V. .1 ■ v.^ ■ \ I. 100 X 4000 

^^^ = h. p., there is obtained h. p. = 330,^ = 

12.1i3, rcpreBi'iitud by thu ordinate bit in Fig. 43. 
The losH due to centrifugul force may now be obtained 
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Fio. 43.— Centrifugal Eppect in Hopes. 

by assuming the liitter reduced to zero, in which case the 
factor 1 — z is Dqnal to unity; Ihorefore log r = ,4340a', 
from which, with the previous conditions, we obtain /' = 
I'^O iiTid the corresponding h. p. = 14.5. 

This value is reprpsented on the diagram, Fig. 43, by the 
ordinate In : the difference between In and Im — nnt will 
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then be the loaa dne to the centrifugal force set up in the 
rope = 14.6 — 12.15 = 2.35 horse-powfir. 
For any special case where the data are kuown or may 
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Fm. 44.— lIoKBE-ii 
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be determinwl, the formulas and tiibk':* already given bIiohU 
bo nseil to asct-rtjiin the liorse-jiower transmitted, or the 
diameter and number of ropes required for a certain work, 
as tht' case may be. For averiigu work, however, it will be 
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found that the assnmed yalnes of a and 0, previously 
noted, will give very satisfactory results, and upon these 
assumptions the writer has computed the following table of 
horse-power (Table XI) for various-sized ropes, running at 
speeds from 1000 to 7500 feet per minute: 

Table XI. — Hobsb-poweii transmitted bt Rofbs. 

Working Strain = 20(W pounds. 

d = diameter of rope in Inches. 



Velocity of 

Rope in Feet 

per Minute. 


Diameter of Rope. 


H 


H 


1 


IM 


IM 


19i 


% 


1000 


1.24 


2.25 


8.57 


5.59 


8.02 


10.85 


14.20 


2000 


2.70 


8.84 


6.84 


10.68 


15.89 


20.93 


27.86 


2500 


8.80 


4.71 


8.88 


18.10 


18.86 


25.66 


83.54 


dooo 


8.88 


5.46 


9.80 


15.89 


21.87 


29.74 


88.88 


8500 


4.80 


6.28 


11.09 


17.88 


24.94 


84.03 


44.35 


4000 


4.74 


6.88 


12.15 


18.98 


27.83 


87.17 


48.59 


4500 


5.01 


7.24 


12.89 


20.15 


29.00 


89.45 


51.57 


5000 


5.20 


7.47 


18.29 


20.76 


29.89 


40.65 


58.15 


5500 


5.29 


7.00 


13.53 


21.14 


30.43 


41.39 


54.11 


6000 


5.08 


7.82 


13.10 


20.36 


29.32 


39.77 


52.12 


6500 


4.74 


6.83 


12.18 


19.00 


27.84 


h7.21 


48.68 


7000 


4.12 


5.93 


10.54 


16.47 


23.72 


82.26 


42.18 


7500 


8.25 


4.67 


8.82 


18.00 


18.78 


25.42 


88.28 



Tlie graphic representation of these values, Fig. 44, 
shows the effect of centrifugal force in diminishing the 
power transmitted under an assumed working tension, and 
would indicate that with tensions of 200^7* pounds the 
speed should not exceed 5500 feet per minute. Tlie in- 
creasing effect and loss of power due to centrifugal force 
in the rope can also be seen in the diagram, Fig. 43, which 
represents the horse-power transmitted by an inch rope 
under an assumed constant tension of 200 pounds. The 
straight line J 7? shows the power which would be trans- 
mitted if centrifugal force were neglected, and is obtained 
by making z^Oin the general equation 
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log r = 0.43430-0(1 -s); 

the curve AO reprefleota the power tianEinitted vhen ceii- 
trifugal force is taken ioto account; and the curve AR 
shows tho power iihaorbed by centrifugal force: this latter 
curve is obtained by subtracting the vertical ordinate^ be- 
tween the straight lino AB and the curve A C. By a cou- 
eidation of the diagram it will be seen that at spueda 
less than 2000 feet per minote the power absorbed by 
centrifugal force is very sinull, and may be neglected as 
far as practical results are concerued. Beyond this speed, 
however, the loss from this cause increases very rapidly, 
until, as previously shown, at a speed of about 8500 feet 
]>er minute the whole of tho allowable tension is absorbed. 

Assnming that the niaxiinum ]>ower is transmitted by a 
rope at a velocity of about 5500 fcot per minute, it is evi- 
dent that the first cost of the rope will be a minimum fora 
given power when running at this Hpeed. The ratio of the 
first cost of the ro}ie running at any other speed may hv 
obtained by dividing tho Uoi-sc-power at SfiOO per minute 
by the horse-power at the required 8[>eed.* 

Thus, if the first cost of a IJ-iuch rope which will trans- 
mit 31.14 h. p. at 5500 feet per minute be represented by 
uuity, the cost at 3000 feet per minute will be 

''■" - 1 TO 

since a i-inch rojie running at 3000 feet per minute will 
ti-unsmit 15.39 h. p. 

The relative first cost for a given diameter of rope to 
Iranj'mit the same liorse-|K)wor at varying speeds is ehown 
iu the accompanying Table XII. 

Although the first cost of a rope to transmit a given horse- 
power is a minimum for a speed of about 5500 feet per 

• C. W. Uuni, in Trans. A. S. M. tl.. vol. xii. 
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minute, yet the economy is not as great as would appear from 
the foregoing table, for the effect of wear must be considered. 
The causes of wear, internal and external, have been pre- 
viously discussed; it will be sufficient to note here that the 

Table XII. — Relative First Cost op Rope-drivikg. 



Velocity of Rope 


Relative First 


Velocity of Rope 


Relative First 


in Feet 


Cost per ' 


in Feet 


Cost per 


per Minute. 


Ilorse-power. 


per Minute. 


Horse-power. 


1,000 


8.78 


4.500 


1.05 


2.000 


1.89 


6.000 


1.02 


2.500 


1.63 


5,500 


1.00 


8.000 


1.88 


6.000 


1.03 


8,500 


1.22 


6.500 


1.12 


4.000 


1.10 


7.000 


1.28 



internal destructive effect produced by bending and distort- 
ing the fibres and the wear due to external contact, slipping, 
or wedging in the grooves of the pulleys, may, within the 
limits of ordinary practice, be cousidered as directly propor- 
tional to the velocity of the rope. What this wear is in 
terms of the velocitv there is not sufficient datii to deter- 
mine, but if the coefficient be represented by c, the relative 
wear for a given diameter may be determined by multiply- 
ing the velocity by this coefficient; that is, the relative 
wear = cv, in which the wear increases directly with the 
velocity, but not, however, directly with the horse-powor 
transmitted. 

If we assume the coefficient to be such that the wear on 
a rope at 1000 feet per minute is equal to unity, then the 
wear on the rope at any other speed will be 

-. , ,. required speed 

Relative wear = - — ^t^a - — . 

To determine the relative wear per horse-power trans- 
mitted by a given rope at varying speeds, it will be neces- 
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sury to determine the wear per horse-power for the rope 
rnnning at any required speed, and then divide this valuo 
by the wear per horse-power when running at 1000 feet per 
minute. Let it be required to determine the wear of a rope 
transmitting a given horse-power at 5500 feet per minute, 
as compared to what it would be at 1000 feet per minute. 

The horse-power transmitted at 1000 feet per minute is 
found to be 3.57 for a one-inch rope, at which speed we 
have assumed that the wear is equal to unity, hence the 
wejir per Iiorse-power may be considered equal to 

^ =.28. 



3.57 



At a speed of 5500 feet per minute the horse-power trans- 
mitted by the sanu; rope is 13.53, but the wear at this 
speed is assumed to be five and a half times greater than 
at 1000 feet, other conditions being the same, therefore 

5.5 
the wear per horse-power = -.iz^ = .406: that is, the 

lo.Dd 

wear of any rope transmitting one horse-power at 5500 feet 
per minute is '-^ = 1.45 times the wear which would 

occur at 1000 feet per minute. 

From this it will be seen that althougli the first cost of 
a rope is cheaper at the higher speeds, the rope lasts longer 
while running at the lower speeds — conditions remaining 
constant. 

Taking the case we have been considering, it is found 
that the relative first cost of the roi)e is inversely as the 
hoi'se-power transmitted, or 

Cost of ro pe at 1 00 feet __ 1 3.53 _ o r-o. 
Cost of rope at 5'500 feet "" 3.57 "~ *' ' 

that is, the first cost is 3.78 times greater for the slower 
speed. But it is shown above that the rope will weiir out 
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nearly 50 per cent faster at the increased speed; therefore, 
taking the life of the rope as well as the first cost into con- 
sideration, the relative cost to transmit a giyen horse -power 

at the speeds noted will be -^— = 2.6 times greater for the 

lower speed. This can be determined more conveniently 
by assuming -ff = horse-power transmitted at F f eet per 
minute, H^ = horse-power transmitted at F/feet per min- 
ute, where H^> H and V > V. The wear per horse- 

V V 

power in each case will then be proportional to -=and — -; 

Ji 11 ^ 

the relative first cost of the rope per horse-power running 

at the lesser speed, compared to that when running at the 

greater, will be as B^ is to H; hence the ratio of relative 

cost, taking wear into account, is 



r 



H V," V\ HI 



(11) 



H. 



Table XIII. —Relative Wear and Cost op Rope per Horse- 
power TRANSMITTED. 



Vetoclty 


Relaiiye Wear 


Belative Cost of Rope 


in Feet 


per Uorae-power 


per H. P. trannnitted. 


per Minute. 


transmitted. 


eonsiderinji^ Wear. 


1,000 


1. 


1. 


2.000 


1.03 


.54 


2.500 


1.06 


.45 


3,000 


1.10 


.40 


8,500 


1.18 


.36 


4,000 


1.18 


.847 


4,500 


1.25 


.345 


5,000 


1.84 


.86 


5.500 


1.45 


.88 


6,000 


1.64 


.44 


6,600 


1.98 


.52 


7,000 


2.40 


.80 


7,500 


8.22 


1.36 



136 



BOPE-DBITIKO. 



Table XIII bas been calculated npoD the above basis of 
comparieOD, namely, that the vear in a ropo ut 1000 feet 
per minute is equal to unity and increasea directly as the 
speed; and also, that the cost of ropes for a pcrmaiiout 
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Fia. 49.— Rblatite Wbab and Cost of Rope feb H. P. 



installation is proportional to the square of th«^ mtlo of the 
power tnmsmittcd iit different speeds multiplied by the in- 
verse r.itio of the corrcspomiing ipeeds. To ascertain the 
relntiTC wear per hcirse-(Knver of a rope running at any 
given speeds, it will only l)e necessary to form a ratio 
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between the values in the table corresponding to the given 

speeds. Thus the wear per horse-power at 5000 feet per 

1 34 
minute, as compared to that at 2500 feet, will be r^ = 1.26. 

In the same way the relative ultimate cost per horse- 

power of a rope running at these speeds will be —=■ = 0.8, 

or 20 per cent less for the greater speed. The accompany- 
ing diagram. Fig. 45, represents these relative values 
graphically, to which is added the curve of relative first 
cost. It will be noticed that although the first cost of a 
rope is a minimum for a speed of 5500 feet per minute, 
when wear is considered the minimum cost occurs at a 
speed of 4500 feet per minute. 
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CHAPTER IX. 

As previously acted, it is desirable in all cases of rope 
transinisfiiou to no arrange the drive that the slack side of 
the rope shall be on the upper part of the pulley, thus in- 
creasing the arc of contact, as the two side^ will then ap- 
proach each other when in motion. 

In order that the desired tensions T^ and T, shall be 
attained in the two parts of a rope, the deflections or sag 
must be of predetermined values. The centre line of the 
rope will lie in a curve, which may be determined with no 
appreciable error by assuming the rope to have no elastic- 
ity and to be of constant cross-section, under which condi- 
tion the curve will be that known as the catenary, the trans- 
cendental equation of which is 

y = |(^ + 6-«) (12) 

Let the form of curve in which the rope hangs be repre- 
sented by PO'P' (Fig. 46), in which 0' is the lowest point 
of the rope. Take 0' Jis the origin of coordinates, and let 
x = O'A' and y' = A'P be the abscissa and ordinate of 
any point P in the curve, and let I be the distance between 
the points of support. 

Since we have assumed the rope to be perfectly inelastic, 
the tension at any point of the curve must be in the direc- 
tion of the rope. Let T be the stress in the rope at P, the 
vertical and horizontal components of which are repre- 
sented by V and H respectively. Assume the length of 
curve O'P = s. Since tlie weight of a unit length of rope 
=: Wf the vertical component of the tension T is evidently 
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equal to one half the weight of the rope between the points 
P and P', or F= ho PO'P' = ws. To determine the 
length of curve, produce the tangent through the point P 
and rectify the curve 0' P on this tangent, making % = PQ, 




Fio. 46. 



Erect a perpendicular to PQ, at the point Q, meeting the 
vertical from P al xi ; then will OA drawn through A par- 
allel to 0' A' be the directrix to the catenary, and QA will 
equal AA' = c* Hence 



PQ' = PA' - QA\ 
Therefore V = ws = to ^ {y'Y + )tcy'. 



* For geometry of this curve see "The Funicular Polygon" in 
Bowser's ''Analytic Mechanics," p. 216 et Heq.\ also Price's ** Me- 
chanic's," vol. I. 
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At the vertex the tension is horizontal and equal to the 
weight of a longtli, c, of tlie rope; but this tension is the 
same as the horizontal component at the point P) hence 

7/= ivc. Since 7'= i^F*+ tP, we obtain the following 
value for the tension in the rope : 

T=to iV -T^c/ + c' = w{c + /). . . (13) 
In order to determine the parameter, c, let the equation 

ef the curve y = - (e<? -|- e' *•) be developed into the following 
series : 

^~2r"^(?"^1.2c'"^1.2.3c- ' • • "^"^"^ 

"^ 1727" "" mrsi* "^ /• 

Since the character of the curve is such that the quotient 

X 

- is a proper fraction, the series will be converging. Stop- 
c 

ping at the third member as giving sufficient accuracy, we 

have 

c f . , ^^\ , x' 

therefore r' = 2c(y — c) (14) 

Substituting the value of y = y' + c in this equation, we 
obtain a;' = 2cy', which is the equation of a parabola re- 
ferred to its axis and tlie tangent to its vertex. Now let - 

(Fig. 47) equal the half distance between supports = :r, 
and h = sag of the rope = f/' ; then from tlie previous 



equation we obtain (77) = 2r//: 



hence thi? ]>aranieter r = -.. Substituting this value of 



BOPK-UMVINQ. 



c in equation (13), we have 



T=w\ 



s+4 



in which w equiila the weight of a nnit length of rope = 
0.32(r for manilla ; that i^, the tension at any point in the 
rope ia equal to the weight of a portion equivuieut in length 
to the parameter plus the ordinate ]}' of the point. From 
thiseqiitttion wemayohbtin the sag of tlie driving or driven 
portions of the rope by substituting for Ttlio values of T, 
and J",, the deflections corresponding to which may be rep- 
resented by A, aud A, (Fig. 47). T, will evidently be con- 




Fm 47. 
stant and equal to 200'/" if our preconceived conditions 
are maintained, but tlie value of '1\ will be variable, in- 
creasing with tlie speed. 

Practically, it will be impossible to maintain a constant 
tension in the rope, so tliat the amount of sf^ obtained by 
calculation is liable to vary with the conditions of service. 
Tlie tension may, however, be approximately determined 
by the deflection. A jsuming the distance between support- 
ing points of the rope equal to the distance between centres 
of pulleys, and solving for It, we obtain 
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Tlie positive and negatiTc aigng before the radical in tlieso 
equations indicate two values for h, tlie lesser of whicli 
only is to be used. As pointed out by Ueuleuux, between 



quantity under the i-adiciil = 0; that is, when T=—^. 

This deflection is interesting, as it denotes the minimum 
BtrcBS wliich may exist in the rope. 

Since the sum of the tensions increases with the speed, 
the sag of the rope when at re^t is not directly obtiiiutibic 
from tiie previous values of /i, and /i,. 

Tlie tension ueceiuary for adhesion, which constitutes a, 
part of tlie stress, T,, is dependent upon the 8p<M-d at 
which the rope is intended to be run. so that in order to 
determine the sag A, when at rest, for a given maximum 
tension T, ,the initial tension miixt be obtained for any 
given speed, and this value substituted in the general for- 
mula ____ 

2w 2' vr •'. 

Assuming tlie tension on the tight side of the rope to 
be made np of tJirce parts, namely, the driving force P, 
the centrifugiil force F^, and the tension 7",, necessary to 
balance the strain for adhesion, we obtain 

r, = y^ + /". -}- ?;. 

In like manner the tension on the slack side of the rojM; 
may be assumed to be produced by tlie strain necos^iry for 
adhesion, plus the strain due to centrifugal force; that ia, 

r, = i\ + F,. 

Tt is evident that if the normal tension 7*, be diminished 
by the centrifugal force the remaining stress will bo c<"|nai 
to the tension necessary for adhesion plus the driving 
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force; hence if we obtiiin the value of the ratio -— from 

€^*, in whicli the stress due to centrifugal force is neg- 
lected, we shall have in T, the initial tension necessary for 
adhesion, or 7',= T^. If 7\ is assumed to be constant, then 
1\ will be constant for a given coefficient of friction and 

T A- T 

of contact; therefore — ^-^ — -' will equal the tension i 



arc 



o 



in 



the rope when the latter is at rest. 

The following simpler method for obtaining the sag, 
though less exact, is sufficiently accurate for any practical 
case that may arise, for it must be borne in mind that any 
theoretical calculation for the deflection of a running rope 
can at best be only an approximation, as it is exact only 
when the rope is running at its normal speed, transmitting 
its full load and strained to its normal tension. Let / be 
the distance between two shafts which are at the same 




CD = 2h 
Sin 0=CD 



PD 
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level (Fig. 48), and let /* be the deflection of the rope; also, 

let CFD = ^ be the inclination of the rope at P, from 

whicli 

CD 2h 4h 



sin (^ = 



PD 



and hence, siiice Fis the vertical component of the tension 
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W 

Tin the rope and equal to ~, where IT' is the weight of 
rope between supports, we shall have 



As // is small compared to /, we may neglect — ^', as it 

4 

will liave no appreciable influence on the result; then if 

we assume the length of rope to be equal to the distance 

between the shafts, we shall liave, approximately, 

where wl = W; hence the sag of the rope at the centre 
will be 

A = ^M [15] 

in wiiich w = 0.33^* for maniila ropes. 

From this formula the following table (XIV) has been 





Tablb XIV.- 


—Deflection of . 


Rope. 






Calculated from A = ^. 








Deflection In Feet in Slack Side of Rope 




Deflection 
in Hotli 




wlien Ti = Ti-F = 


Deflection 


Distance 

between 

Pulleys 

in Feet. 


Corret 
3000 


91(i« 

{ponding to 
per Mil 

aooo 


100d« 

Velocity ir 
nite of: 

4000 


112r/9 
Feet 

SOOO 


in 

Tight Side 

of Ko|>e 

when 

Founds. 
0.18 


Sides of 

the Uope 

when 

Initial 

Tension 


30 


0.42 


0.39 


0.36 


0.32 


0.25 


40 


0.74 


0.70 


0.64 


0.57 


0.32 


0.45 


00 


1.67 1 1.58 


1.44 


1.28 


0.72 


1.02 


80 


2.97 


2.81 


2.50 


2.28 


1.28 


1.82 


100 


4.0") 


4.40 


4.00 


3.57 , 


2.00 


2.84 


120 


6.70 


0.33 


5.76 


5.14 ! 


2.88 


4.10 


140 


9.12 ; 8.01 


7.84 7.00 1 


3.82 


5.5.^ 


160 


11.90 11.25 

1 


10.24 


9.14 


5.12 


7.27 
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computed and the curves plotted, as sliown in Fig. 49, 7", 
being aesumed ae constant and equal to SOOtT pounds. 
Tiie tension T,, which variiis with the speed, has been 
separately determined for tlie several cases considered from 



in wliich the coefficient of friction, 4 
lienco 



= 0.31 and a = 3, 
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log 1^ = 0.4343 X 0.9(1 - z). 
The deflection on the tight side will then be 



A.= 



0.32(PP 0.33frr 



8T, 



8 X 200^* 



= O.OOOSP; 



OMP . 



case we have log ^* = O.43430flr, from which we find 



and on the slack side /*,= ' , -, in which 7*, has the values 

given in the table. 

As previously pointed out, the initial tension in the rope 
when at rest may be obtained by neglecting F^, in which 

T, 

p = 2.46, or T; = S2(P; and since T, = T^ when there is 

no centrifugal force acting, the initial tension T^ will 
equal 

y,+ T, _ 200cr+ 826^^ 
2 ~ 2 ' 

hence 7,= lild^. From this we may obtain the deflec- 
tion when the rope is at rest, as noted in the last column 
of Table XIV, which has been computed from 

K = ^^^1^ = 0.000284/*, 

where / is the distance in feet between centres. 

To draw the curve of the rope in order to determine 
the space it will occupy, assume it to hang in a parabola 
with origin at vertex and lay off tiie A' and i'axes, as in 
Fig. 50. Lot Ob = U = \ distance between points of sus- 
pension of the rope, and let 5// = //, the sag of rope. Di- 
vide 5// into a convenient number of equal parts, also 
divide 05 into the same number of equal parts; erect per- 
pendiculars from the points of division 1, 2, 3 . . . and join 
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1', 2', 3'. . . with the origin 0. The curve drawn through 
the points of intersection will represent one branch of the 
parabola desired. 

In outdoor drives, where the configuration of the ground 
would prevent the proper amount of sag being used, or, in 




4 

.IZM.1IWW 

-Method of Laying Out Cuuve. 




Fig. 51. — Inclined Transmission. 



general, where obstructions prohibit the proper deflection 
for a given distance between centres of shafts, the rope 
should be carried on supporting pulleys or sag-carriers, 
examples of which have already been given. 
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Where the pulleys are placed at different lieights we 
have an inclined transmission, and the curve in such cases 
is unsymmetrical, as in Fig. 51.* 

1'liis curve is best solved by an approximation similar to 
that already given. 

It will be noticed that the curve of the rope AHO \8 
made up of two unequal parts, AB and BC, whose hori- 
zontal projections are /' and I" and their corresponding 
deflections A' and h'\ The given difference in height be- 
tween the points of support of the rope is BD = h = h' — 
h", and their known horizontal distance is / = /' + ^". 
From the preceding formula for the deflection (equation 
[15] ) we have 



A' = |^, = /jr and h"='^,=:/3l 



//a 



in which /? is taken as a coefficient depending upon the 

32 
value of the tension in the rope = -^^. 

Since h = W - h" and l=V + I", we have 

therefore I' - r = I,. But V = 1- r and r = l^V; 
lience "2(iU' — fil* = //, and the required distance V = 
— — -^-— . In the same way I" = ——y,j. — , and the deflections 



are 



"■ = "P-if )■ ••■•' "" = A^ 



-hV 



in each of which eriuations (i has a separate value depend- 
ing upon the tension in the rope. It is evident that the 
tension 7" at A will be greater than that at C, on account 
of the greater weiglit of rope lying in thi* upper branch of 

* Weisbucli, v<il. iii. p. :.Mo. 
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the parabola. If T' is known, the leaser tension T" can 
be determined by assuming the length of the rope to be 
the same as if the points A and (7, Fig. 52, were at the 
sjime height and / feet apart. From previous considera- 




Fig. 52. 

tion it is seen that the tension at any part of the rope in 
a parabola is equal to the weight of rope equivalent in 
length to the parameter c added to the ordinate of the 
point; hence if h" equals the ordinate of C = h' — h, we 
shall have 

T" = w{c + h") and T = to{c + h% 

P 
Since c = -,-., 
8/r 

7- = -(,^. + 7/') and r = w{^, + h); 

therefore T" - wh" =T - wh\ Substituting for // its 
value, // f //", there is obtained 

7" = T - wh. 

When a tension-carriage is used the necessary weight 
can be ascertained from the formula for back tension, 
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7\ = y, + -Fo> i^ ^^ assume /'o = 0, we shall have the 
initial tension necessary for adhesion equal to the ten- 

T 

sion in slack side of rope, that is, T^ = T,. But T, = ^— ^ 

T 

(from log -^ = OAMtfya, assuming previous values of 

and a); therefore the initial tension in the rope will bo 

rn ^ T, ^ 200(P 

' 2.46 2.46 • 
When diameter of rope equals 

I inch the initial tension = 31 pounds. 
I « *< <* *' = 45 " 



i 




(•' 
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a 


= 62 




1 




<( 


(S 




= 82 
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<( 




= 127 




n 




i( 


tf 




- 184 




If 




t( 


i( 




= 250 




2 




ii 


u 




= 325 





The actual weight to be placed on the tension-pulley will 
depend upon the arrangement of d4-ive, and in order to 
obtain the best results should be determined for each par- 
ticular case. It is to be noted that with a vertical tension- 
carriage the weight of carriage and sheave must be consid- 
ered as a portion of the weight producing 
tension in the rope. 

If W equals the total weight necessary 
to maintiiin the tension 1\ in each part 
of the rope leading off from the tension- 
pulley, then, when these two portions are 
parallel, we shall have ir=27',; but if 
the rope leads from the tension-pulley so 
that it includes an angle 2^ between its 
sides, as shown in Fig. 53, then the weight W will be less, 
and may be found from W = 2T^ cos 0, 
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CHAPTER X. 

It has been previously stated (see page 7) that where 
rope-driviug is used the loss at the engine in friction may 
be taken in a general way as about 10 per cent of the rated 
horse-power of the engine, that an additional 10 per cent 
is absorbed by the shafting, and that from 5 to 8 per cent 
may be attributed to losses in the rope itself, due to resist- 
ance to bending, wedging in the grooves, differential driv- 
ing effect, and creep, all of which affect the loss to a greater 
or less extent. 

According to the accepted laws of solid friction we should 
expect that with an increased load on the engine the fric- 
tion would be increased in direct proportion to the load, 
but in nearly all experiments to determine the friction of 
steam-engines we have the anomaly that the work neces- 
sary to overcome friction is practically constant, and, in 
fact, in many cases it is a little greater when running with- 
out load than when the engine is fully loaded. 

However, it is probable that the ordinary laws of friction 
obtain here as in other cases of sliding and rolling con- 
tact; but instead of having a constant coefficient of friction 
for the surfaces in contact, the coefficient may be con- 
sidered as a variable depending upon the degree and distri- 
bution of lubrication. The lubrication of engine bearings 
(both rolling and sliding contact), approaches more nearly 
to the condition which obtains when the bearings are sub- 
jected to an oil bath, and although the lubrication is 
restricted, yet the result is similar in action. 

Experiments* on the friction of a well-lubricated journal 

*Proc. I. M. E. November, 1885; also Kent's Mechmiical Eugiueer's 
Pocket Book. 
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(oil bath), show that the absolute friction, that is, the ab- 
solute tangential force per square inch of bearing, required 
to resist the tendency of the brass to go round with the 
journal, is nearly a constant under all loads within ordinary 
working limits. Most certainly it does not increase in 
direct proportion to the load, as it should do according to 
the ordinary theory of solid friction. The results of these 
experiments seem to show that the friction of a perfectly 
lubricated journal follows the laws of liquid friction much 
more closely than those of solid friction. They show that 
under these circumstances the friction is nearly indepen- 
deiit of the pressure per square inch, and that it increases 
with the velocity, though at a rate not nearly so rapid as 
the square of the velocity. 

The experiments on friction at different teinpemtures 
indicate a great diminution in the friction lis the tempera- 
ture rises. Thus in the case of lard-oil, taking a speed of 
450 revolutions per minute, the coeflicient of friction at a 
temperature of 120" is only one-third of what it was at a 
temperature of 00'. In regard to engine friction, whatever 
be the cause, it is a well-known fa(*t that the coefficient of 
friction decrease's as ihv load increases, so that at all ordi- 
nary speeds the internal resistance of the eiigine may be con- 
sidered sensibly constant, in which case the so-called fric- 
tion-card of the engine represents practically the friction 
of the machint^ when fully loaded — the indicated power 
without load iH»ing sensibly the measure of the wasted work 
of the engine when in operation under load of whatever 
amount. 

That is, the engine friction is independent of the load 
and is a function of the characteristic of the engine itself, 
of the speed of piston and rotation, and, to a slight extent, 
of the steam-pressure and of the method of steam-distri- 
bution : so that while we may speak of the friction as being 
a certain percentage of the horse-power of an engine, it 
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must be understood to refer to the rated indicated liorse- 
power ;* at less than rated power the percentage of loss due 
to friction will be greater, and at maximum power the per- 
centage will be less. This is shown by way of illustration 
in the following table (XV), which is taken from a paper 
l)resented by Prof. Thurston before the American Society 
of Mechanical Engineers in 1886 :f 

This engine, a "Straight Line," was 8 inches in diameter 
of cylinder by 14 inches stroke; it had a balanced valve 
with stroke varying from 2 to 4 inches according to position 
of governor and eccentric, a fly-wheel 50 inches in diam- 
eter, weighing 2300 pounds. Its rated load was 35 to 40 
horse-power. 

Table XV.— Friction Per Cent under Varying Loads. 



Revolutions 


Steam 


Indicator 


Friction 


Friction 


per 
Minute. 


Pressure. 


llorae-power. 


Hor«e-power. 


per cent. 


232 


50 


7.41 


3.35 


45 


229 


65 


7. ,58 


2.00 


U 


230 


63 


10.00 


4.00 


40 


230 


73 


11.75 


3.65 


82 


230 


75 


14.03 


4.02 


28 


230 


80 


15.17 


3.17 


21 


230 


75 


16.86 


2.86 


17 


230 


75 


28.31 


3.36 


11.75 


229 


60 


83.04 


3.16 


9.5 


229 


58 


37.20 


2.34 


6.3 


229 


70 


43.04 


8.19 


7.4 


230 


85 


47.79 


2.75 


5.8 


230 


90 


52.60 


2.60 


4.9 


230 


85 


57.54 


2.54 


4.4 



Examining the above table, it will be seen that the fric- 
tion of the engine varies somewhat with varying steam- 
pressures and total power, but in such a manner as to indi- 
cate the controlling cause, as, for instance, imperfect lubri- 



♦Tlimston. Trmis. A. S. M. K., vol. .x. p. 110. 
f Trans,, vol. viii. p. !K». 
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cation, to be irregular iu action, and, possibly, to some 
extent, due to errors of observation and to accident. The 
average friction horse-power is 3.11 h. p., and the variations 
from this value are distributed throughout the whole series, 
showing that the work necessary to overcome the friction 
is practically constant, and independent of the load. The 
friction of this engine is quite low, as at its normal rating 
the percentage of loss is less than 7 per cent. According 
to D. K. Clark,* the frictional resistance of steam-engines 
varies from 8 to 20 per cent of their normal indicator h. p. 
— the size of engines experimented upon ranging from 13 
to 350 h. p. 

In recent tests of American engines it has been shown 
that with first-class workmanship and balanced valves the 
percentage of loss at normal working load may be reduced 
to about 6 per cent, both with Corliss and with high-speed 
single-cylinder automatic engines; but this is exceptional, 
and we may expect with ordinary lubriciition that the fric- 
tional resistance will vary from 8 to 13 per cent of the 
normal load. 

Compound engines of the better class should not absorb 
more than about 10 per cent, and triple-expansion engines 
no more than 13^ per cent, under full load. 

For small engines, either single or compound, there is 
probably little difference between the internal resistance, 
whether gciired with ropes or flat leather belts, for the 
weights of fly-wheel and grooved pulley and the diameter 
of shaft would be essentially the same in each ciise. With 
larger engines, however, the belts would require a wider- 
faced fly-wheel, which, on account of the greater distance 
between bearings, would necessitate a larger shaft, and 
hence increased work in overcoming journal-friction — as- 
suming the same weight of ^vheels and speed of rotation. 



* « 



The Steam Engine," vol. ii. p. 616, 
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With the rope-driving, also, the speed of the rim will be 
greater, and a somewhat ligliter pulley may be used to 
insure the same degree of steadiness in running; in many 
cases the ropes are delivered from the fly-wheel in a nearly 
vertical direction, so that a certain portion of the weight 
on the bearings is neutralized by the upward pull of the 
ropes. Moreover^ the elasticity and recoil of the ropes act 

1 




h'lte.Warid 



Fig. 54. 



in the same manner as mass in the rim, and for this reason 
a lighter wheel may be used with rope-driving provided 
the construction is such as will permit it. The journal- 
friction is therefore presumably less in the larger class 
of engines employing ropes, when compared with those 
using belts. The difference is, however, not great; and 
since the actual resistance in any case is also dependent 
upon peculiarities of type and construction, the lower 
values of engine-friction previously given, viz., 8 to 10 per 
cent of normal horse-power, may be considered to hold 
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good for rope-driving plants of medium size, while 9 to 12 
per cent of the normal horse -power may be taken as suit- 
able for the larger class of engines running under favor- 
able conditions. 

In the ordinary transmission of power by shafting we 
find the shaft loaded with pulleys and the power taken oflE 
in varying amounts throughout its entire length; it is un- 
usual except in short lengths to receive the power at one 
end and transmit it at the other. Moreover, in long shaf t- 



.^-n. 
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ing the head or receiving shaft is usually situated midway 
between the ends, and the power distributed more or less 
uniformly from this head sliaft to either end; therefore, 
in estimating the power absorbed by friction in ordinary 
mill or factory shiiftiug loaded with pulleys the previous 
formulae (page 70) do not apply^ iis these relate only to 
those cases where power is taken off at the end of the shaft. 
The conditions of practice as we find them in actual 
transmissions are so various, that it is difficult to lay down 
any general rule by which the power absorbed by friction 
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may be determined: the number and weight of pulleys 
and couplings, the intensity and direction of belt-pull, the 
condition of bearings and their lubrication, all affect the 
amount of work lost in friction. 

For the ordinary factory shafting, from wliich power is 
taken fairly uniformly throughout its length and dis- 
tributed horizontally to counter- or auxiliary shafts situ- 
ated on one or both sides of the main shaft, there will be 
three general cases to be considered, as shown in Figs. 54, 
55, and 56, and each of these cases will be modified, depend- 
ing upon the direction of the belt to and from the main 
shaft. 

For our present purposes it will be sufficient to take that 
case in which the shaft friction is a maximum for the 
assumed direction of main belt-pull corresponding to the 
arrangement shown in Fig. 54. 

The friction will evidently be proportional to the weight 
of the shaft and the unbalanced belt-pull acting on the 
shaft. 

The weight of pulleys, belts, clutches, and couplings 
carried by the line-shaft will vary from about one and one- 
half to three times the weight of shaft, so that the total 
weight on the bearings will vary from two and one-half to 
four times the weight of shaft; for head and jack shafts 
the total weight will probably vary from three to five times 
the weight of shaft. 

In addition to this weight ther:) is the unbalanced belt- 
pull, which increases the load on the bearings. Although 
the tension on the tight side of the belt should not ordi- 
narily exceed about twice the tension in the slack side 
necessary for adhesion, yet it is probable that belts are fre- 
quently run with a ratio of tension equal to one to three, 
and occasionally one to four; on the other hand, it is a 
very common thing for belts, especially short ones, to be 
laced 80 taut that the initial tension is greatly in excess of 
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that required for adhesion, iu which case the sum of the 

tensions approaches twice that in the tight side of the belt.* 

With ordinary shop-worn belting it will be safe to assume^ 

that the tension T, on the slack side of the belts is one half 

T 

the tension T^ on the tight or driving side, that is, T^ = - *; 

hence, since T^ — 1\ — P, the driving force, we have 
T T V 



33000' 



The Telocity of intermediate belting is so variable that 

J L 
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c 



I 



u 



I 
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Fig. 56. 



any assumption of speed must be regarded as applying to 
a particular case or representative of a certain type of 
factory, and cannot be taken as general. In many ma- 

*Tbi8 is often n source of much trouble, as tbe iucreosed tension 
not only increases the loss due to friction but iu many instances the 
useful power transmitted is not sutticicut to drive the macliinc. In 
such cases, by slacking out the lacing or inserting a short piece of belt 
so as to reduce the tension, heavy cuts oan readily be taken when it is 
practically impossible to run the niaehine empty with the tight l)elt. 
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cliiue-shops the average speed of intermediate belts is not 
more than 500 feet per minute ; in others the average 
speed is more than twice as great^ and in wood-working 
shops it is still greater. 

For our present purpose we shall assume an average 
speed of 660 feet per minute for belts running from the 
main shaft to a secondary or counter shaft. 

T V 

Substituting this value in HP = — i x qq7w^> there is 

obtained T, = ^ ^ ^H^^^ HP = 100 X HPy but since the 

ooO 

horse-power which the shaft is capable of transmitting 

(FN 
may be considered equal to -— , where d is the diameter of 

shaft in inches and iVthe number of revolutions per minute^ 
we have the tension on the tight side of all the belts 

2r, = 100 X -TT- = d^N', therefore the sum of tensions 
2{T^ + T^) = |f/'iV; and the pull per foot of length of 

shaft = -J77-. 

In the present case it will be noted by reference to Fig. 
54 that there is an additional pull on the bearings due to 
the tensions in the belt from fly-wheel to main-line shaft. 
If the ratio of tight to slack side tension remains the same 
as before, and we consider that the velocity of main belt is 
four times as great as that of the intermediate belting, the 
additional belt-pull will equal approximately one fourth of 
the sum of the belt-pulls from the main to the counter 
shafts or machinery. The resultant of these tensions, 
combined with the weight of shafting and pulleys, will be 
the effective load on the bearings. 

Assuming an angle of 30° with the horizontal for the 
line of action of the resultant pull on the bearings due to 



150 



ROPE-DRtVIKO. 



the tensions in the tight and slack sides of the main belt^ 
the combined horizontal pnll on the bearings will be 



cos 



30°X ^(|rf'iV') + |rf'JVr=1.2(|rf'JVr); 



and the vertical pull will be, when n\ = weight of loadea 
shaft. 



W. + sin 30" X ^-(l^'-v). 



Therefore the resultant of both horizontal and vertical 
forces acting on the bearings will be 

As previously shown, the horse-power necessary to over- 

Fv 
come journal-friction will be HP^ = , where F is the 

force of friction at the circumference of shaft and v is the 
speed in feet per minute of a point on the circumference. 
If the bearing is well worn and fitted to its shaft, the resist- 
ance due to friction will probably lie between the limits 

TT 4 

— 0W'and - 0ir, where is a coefficient which, from the 

results of experiments on shafting with ordinary lubri- 
cation, we have assumed equal to 0.06, and ir is the 
resultant load, in pounds, on the bearings. 
From the lesser of these values there is obtained 



F= -0ir 

TT 



(IG) 



But we have assumed that the weight of a loaded shaft 
varies from two and one-half to four times the weight of 
shaft; taking an average value of three for line-shafting, 
and noting that the weight of shaft per foot of length 
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equals — (S.SCtT), we have the friction on a loaded shaft L 
feet long, due to its weight = 

-03f^ X 3.3Crf']z. 

Substituting the value of \V in formula (16) when the 
belt tensions are taken into account, and noting that 

]\\ = 3 - (3.36cPZ), we have for the total friction load 



^ = -<^|/[3| X 3.36d«Z 4- siu 80° x ^(^rf*iV)]* + [l.2(?d»iv)] 

From the formula for the power absorbed by friction we 
obtain 

hence the ratio of power absorbed by friction to the horse- 
power which the shaft is capable of safely transmitting 
will be 

HP. O.O^SdXF 0.08F 

HF = -oMd^^ = -IT ^'' ''''^' ' • (^') 

From this expression the following table (XVI) has been 
computed for the given diameters and lengths of shafting 
running at 100 and 250 revolutions per minute, the belt 
speed for the secondary belts being assumed at an average 
of GGO feet per minute. 

For intermediate belts having a greater average velocity 
than that assumed, viz., G(iO feet per minute, the friction 
horse-power for a given number of revolutions will be less 
than that given in the table. Thus if the average velocity 
of cross-belts equals 2640 feet per minute, the horse-power 
transmitted being the same, it follows that the tensions in 
the secondarv belts will be one fourth of that obtained with 
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the lesser speed; if the mjiin driving-belt have the same 
velocity, the tension in this belt raay be considered equal to 
that existing in tlie intermediate belts: therefore, as the 
velocity of the belt increases for a given speed of rotation 
the sum of the tensions acting on the bearings will decrease, 
and the maximum horse-power transmissible by the shaft 
will be exerted with a decreasing friction loss. 



Table XVI.— Power absorbed by Friction in Line-shaft. 


Diameter of 

Shaft 

in Inches. 


Revolutions 


Percentage of Loss when Length in Feet s 


per 
Blinute. 


100 


300 


800 


400 


2 


jlOO 


5.5 


10.1 


• • • • 


• • • • 


<2o0 


7.8 


11.6 


• * • • 


• • • • 


2i 


J 100 
^250 


5.8 


10.3 


15 


• • ■ • 


8.9 


12.4 


16.6 


• • • • 


8 


j 100 


6.1 


10.4 


15 


19.6 


7 250 


9.9 


13. 


17.2 


21.5 


3J 


j 100 


6.8 


10.6 


15.4 


20 


(250 


11.4 


14 2 


18 


22 



Line of notion of resulUint of luaiD-belt tensions = 30"*. 

Velocity of main belt 2640 feet per minute. 

Belts from line shaft are horizontal and run at an average of 660 
feet i)er minute. 

All the belts are assumed to drive from one side of the shaft toward 
the engine. 

Weight on bearings three times weight of bare shaft. 

If in any case the shafts are belted vertically or at any 
other angle than that assumed, the formula for F will be 
modified accordingly. 

For a head or jack shaft carrying heavier pulleys the 
weight acting on the bearings may be taken equal to four 
times the bare weight of shaft; in which citse, other condi- 
tions remaining the stune, we obtain 

^^ :s^^/[Y^3.a6(i-;z; + sin 30^ - 4(3^'-^)]*+ [i-^d^^)]*' 

Since, however, the extra weight of pulleys on a jack- 
shaft is liable to produce a greater bending moment, it is 
^^^astomary to assume a larger shaft to transmit a given 
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(FN 

horso-power ; therefore, instead of usiug — - as the working 

horse-power transmissible by the shaft, it is better to use 

under these conditions HP = —r-. 

125 

From this value of the power transmitted we obtain 

F^ ^^|/[4j(3.36d»)L + sin 80' x ^(|x.8rf'iV)]*-f[l.2(?x.8d»iV^)]* 

= i/L0.8da + 0.0114rf»ir]* + [O.lld^iVJ'. 

The ratio of power absorbed by friction to the horse- 
power which the sliaft is capable of safely transmitting will 

now become 

HP, O.O'SdNF OlOF ^ ,,^, 

from which Table XVII has been determined. In calcu- 
lating the values given in this table it has been assumed 
that the belt speeds are the same as those previously con- 
sidered, namely, 2640 feet per minute for main belt to 
head shaft, and one fourth of this, or 660 feet per minute, 
from head shaft to auxiliary shafting. This may be low in 
many cases, but, as already pointed out, the force F will 
decrease under the assumed conditions as the belt speed 
increases, so that we may expect the friction loss obtained 
by the above formula to be somewhat less than the actual. 
In the foregoing discussion it has been assumed that die 
shaft tmnsmits its allowable maximum power, that is, for 

d'X 
line-shafting the power transmitted = tt^t, and for head- 

shafts the power transmitted =— — . 

As a general thing, the actual average power transmitted 
by a shaft is not more than about three-fourths of its as- 
sumed working capacity; and since the weight and speed 
remain practically constant, the percentage of loss under 
conditions approximating those we have assumed will be 
somewhat greater than that given in the table^ E^^^Vsc^ 
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the power transmitted may be diminished 25 per cent, the 
percentage of increase in friction loss will vary between wide 
limits, depending upon the speed of rotation and length of 
shaft. Thus for a 3" head-shaft 100 feet long, delivering 
three-fourths of its allowable capacity at 100 revolutions 
per minute, the loss increases from 9.0 to 11.5 per cent, 
wliich represents a gain of 28 per cent; at 250 revolutions 
the loss is now 14.0 per cent, corresponding to an increase 
of 14.3 per cent; while at 400 revolutions the loss is 17.8 
per cent — a gain of only 10.6 per cent. 

Table XVII.— Poweu absorbed by Friction in Jack or 

Head Shafts. 



Diameter of 


Revolutions 


Percentage of Loss when Length in Feet - 


Shaft 


per 






in Inches. 


Minute. 


*j 60 


100 




(100 
-^250 


4.8 


8.5 


2 


7.2 


10.1 




400 


10.0 


12.5 




(100 


6.1 


8.7 


2i 


•^250 


8.8 


11.0 




(400 


12.2 


14.3 




(100 


5.5 


9 


3 


■^250 


9.5 


12 




(400 


14.2 


16.1 




(100 
■^250 


5.8 


9.1 


3^ 


11.5 


12.9 




(400 


16.6 


17.8 




(100 


6.3 


9.5 


4 


-!,250 


12.1 


14.2 




(400 


18.4 


20.5 




For these determinations it is supposed that the shafting 
is properly supported, with hangers sufficiently close to 
each other to prevent undue deflection under working con- 
ditions, and that the shaft is in line, having good bearings 
lubricated as in common practice.* Departures from these 

*In the above discussion it was assumeil that the coefficieul of 
friction is constant and thsit the friction varies directly as the load. 
While recent experimeuts on machine journals running in oil indi- 
cate that the coefficient of friction varies inversely with the load 
seems no good reason to doubt the truth of Moriu's laws for 
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assumptions will further increase the friction loss; but, 
on the other hand, this loss will be decreased if lighter or 
fewer pulleys be used throughout tlie length of the shaft, 
if the bearings be continuously lubricated, or if the ma- 
chines be belted directly from the sliaft below. AV'here 
shafting is employed there will generally be an additional 
loss due to the friction of the auxiliary shafting and coun- 
ter-shafts, which is extremely variable. 

It is outside the province of the present subject to discuss 
the losses in these secondary shafts: the losses which we 
have here been considering are those which exist in main 
line-shafting, jack- and head-shafts receiving their power 
presumably by leather-belting or ropes, with either of which 
for similar drives there should be no appreciable difference 
in the total weights of pulleys and shafting and the friction 
involved. 

The diameter of grooved shaft-pulleys will be larger and 
the rim will be thicker; but for the same horse-power tnins- 
mitted the width will be less and the weight not materially 
increased. In any case the total weight of grooved pul- 
leys compared with that of belt-pulleys used in the same 
system is very small, and any individual differences may 
be neglected when taken as a whole. In those cases where 
ropes are used exclusively, as, for instance, in dynamo rooms 
and other power-stations, the pulleys are frequently heavier, 
and the shafting usually is fitted with a number of friction- 
clutches, thus materially increasing the weight on the bear- 
ings; in cotton-mills also, where the ropes are geared di- 
rect from the engine to the various floors of the mill, there 
is frequently a heavy stress on the shaft, especially on the 
upper floors, due to the weight of the ropes: under such 



such comparatively rough and imperfectly Uibricated l>earings as we 
have been considering in which the friction l)etw<'en the rubbing 
surfaces in contact and not the viscosity of the lubricant is a measure 
of the resistance. See paper by Prof. Denton in American Machiimt^ 
Oct. 33. 1890, 
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conditions the shafting should be considered us head-shafts. 
In work of this nnture the velocity of the ropes is usually 
much greater both from the engine to the first shaft, and 
from the hitter to tlie machine or secondary shaft. Assum- 
ing a speed of rope double that used for the previous tables, 
and letting the weight of pulleys, ropes, clutches, and coup- 
lings equal four times the weight of shaft, it can be shown 
that the formula for the friction load will be reduced to 



F = V[O.H(r 1x0.0057(1' NY + (0.()a.V37. 

Table XVIII.— Power absorbed by Head-ruafts carrying 

Hion-BPEED Ropes. 



Diameter of 


1 
1 
Revnlutioim 


Percentajife of IxtsH when Length of 
Shaft ill Feet — 


Shaft in ioches. 


per Mluute. 






1 


50 


100 




(100 


4.2 


8.1 


2i 


250 


4.8 


8.6 




(400 


5.6 


9.2 




(100 


4.8 


8.2 


3 


-250 
(400 


5.2 


8.7 




6.0 


9.5 




(100 
- 2o0 
(400 


4.8 


8.3 


3^ 


5.8 


8.8 




6.2 


9.6 




(100 
'250 


4.4 


8.3 


4 


5.6 


9.1 




(400 


7.1 


10.1 



Line of action of resultant of tensions in main drive = 80". 
Velocity of ropes from engine 5280 feet per minute. 
Ko|)es from shaft are horizontal, and run at an average of 2640 feet 
per minute. 

All ropes drive from one side of the shaft t^)ward the engine. 
Weight on bearings four times weight of bare shaft. 

From this formula Table XVIII has been calculated, 
and may be considered to represent the percentage of loss 
ill the first shaft when working under full load; with 
lighter loads the percentage will be greatei*. 

It must be noted that with any other arrangement of shafts 
tile friction loss will vary. In the present case the ropes 
Iroin the engine to the jack-shaft make an angle of 25° with 
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the horizontal, and the ropes from tlie jack-shaft back to 
the machine or secondary shaft are horizontal, as in Fig. 54. 

When rope- wells are used, each successively higher shaft 
will have an increased friction |)ercentage, since the belt- 
pull becomes more nearly vertical, and the resultant load 
on each shaft is thereby increased. 

It is worthy of remark that in long lines of shafting 
with high rim velocity the influence of belt-pull on the 
bearings is very slight compared to the weight of shaft 
and pulleys, so that the loss in friction is but little more 
than that due to weight alone. We see in this an addi- 
tional argument for high rotative speeds in shafting, for, 
while the percentage of loss increases, from 8.1 to 9.2 in a 
2i-inch shaft 100 feet long running at 100 and 400 revolu- 
tions per minute respectively, the power transmitted by the 

shaft, as calculated from HP = - - — increases from 21^ for 

100 revolutions per minute to Jibout 87 h. p. for 400 revolu- 
tions per minute, so that while the friction percentage 

9.2 
increases in the ratio ~ = 1.14, the power transmitted 

O.I 

increases in the ratio of the number of revolutions per 
minute, or 4 to 1. In the first case the friction loss is 
21^ X .081 = 1.74 h. p.; and in the second, the loss is 
87 X .092 = 8.00; therefore the net power transmitted by 
the shaft running at 100 revolutions per minute is 19 h. p. 
whereas by increasing the speed to 400 revolutions per 
minute the net power transmitted will be 79 h. p. With 
higher belt velocities and increased rotative speeds in our 
factory shafting the friction loss, instead of being from 30 
to 50 per cent of the total power transmitted, ought not to 
exceed one-half of these percentages; for with higher speeds 
narrower and lighter pulleys could be used, the belts could 
bo run slacker, and lighter shafting could be employed. 
Although it has been previously considered in a general 
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way that the friction due to the sliafting may be taken as 
about 10 per cent of the full load transmitted to the shaft, 
yet, in the light of further investigation, it will be seen 
that, owing to the various conditions under which the 
shafting is run no general value for friction loss can be 
assigned. 

While the friction absorbed by large engines is reason- 
ably less for rope-geared fly-wheels when compared with 
engines using flat belts, driving in a-similar manner, there 
seems to be no good reason for supposing that the friction 
in ordinary mill-shafting should be appreciably different 
wlien rope-driven. 

On account of the larger diameter of pulleys used with 
rope-driving, the velocity of the rope may be, and usually 
is, greater than that in a belt used in the same place, and 
for this reason the pull on the shaft due to the tensions in 
the rope may be less; but with long lines of rope-driven 
mill-shafting the main drives only are of rope, and any 
difference in pull on the bearings which might exist in 
favor of the rope-driven main shaft must necessarily be 
small when compared with the total friction load due to 
the pull of the numerous cross or machine belts which, 
running at a greatly reduced speed, produce by far the 
greater effect on the shaft. With short lines of shafting, 
however, there will generally be a small saving in favor of 
a rope-driven plant. Under these conditions the effect of 
the ropes to and from the first motion shaft is usually in 
excess of that due to the belts which may be used to trans- 
mit power from the main or jjick shaft to secondary shafts 
or machines; and therefore, since the rope-pull is less than 
would be produced by belts used in the same place, we 
may expect the friction to be less. When ropes are used 
entirely, as in electric and other power stations, we should 
expect the friction ]oss to be somewhat less, assuming that 
the ropes are run at a higher speed than would be used 
/or belts in the siimv place. 
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CHAPTER XL 

It has been stated that a further decrease of from 5 to 
8 per cent of the power transmitted by a rope may be at- 
tributed to losses in the rope itself due to resistance to 
bending, wedging in the groove, differential driving effect, 
and creep, all of which affect the loss to a greater or lesser 
extent. 

Various formulas have been proposed by several eminent 
authorities by which the resistance of a rope to bending 
might be determined. Eytelwein's formula assumes that 
the resistance of a rope is directly proportional to the ten- 
sion and the square of the diameter, and inversely propor- 
tional to the nidius of curvature of the pulley; in which 
case the stiffness of a hemp rope for each winding and un- 
winding is given by 

r 

where c is a constant equal to 0.23, d is the diameter of 
rope in inches, r is the mdius of pulley in inches, and T 
is the tension in the rope. If the ratio of the diameter of 
rope to the diameter of pulley over which it runs equals 1 
to 30, the above formula becomes, for a rope running over 
two pulleys, 

0- = 0.03t/r. 

Reuleuux states that, since transmission-ropes are usu- 
ally quite slack, the coefficient of stiffness should be tiiken 
somewhat less tlian Eytelwein's value, and suggests that 
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two-thirds would represent a fair approximation; this 
would give 

cr = 1x0.23-2'= 0.15- r 

d r r 

for esich pulley in the system. 

If the tension on the tight and slack sides of the rope be 
represented by 7', and T^, respectively, the average load 
on the rope may be considered equal to i{T^-\-T^); if, 
further, the conditions be assumed such that the slack-side 
tension equals one half that in the tight or driving side, — 
we shall have T= i(| y,). Hence for two pulleys, when the 
diameter of the latter equals 30 times the diameter of rope, 

JO.lbd* 1 3^\ 

= 0.02d X iT,. 

Since 7\ has been taken in our previous work as equal 
to 200d' pounds^ the stiffness in the rope will now become 

<r = 0.02d X 150fr 
= 3d\ 

Now under these relations of tension the driving force 
may be obtained from 

P=T,- T, = 200d' - ^- = lOOd"; 
hence the ratio of loss due to bending will be 

F - lOOt/^' 

For a J-inch rope running over two pulleys the loss 
equals 2.25 per cent, while for a 2-inch rope under similar 
conditions the loss becomes 6 per cent. This is what we 
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might eijiect; for it is rcosouubk' to stippoBO that the per- 
oeutage of loss should incrciise with the diameter of rojie. 

It will be noticed that the work done in bending a rope 
over its pulley ie directly proportional to the number of 
bends, and therefore in designing a rope tmnsmission 
every effort should be niude to restrict the number of 
bends, as tliis is not only n hkr^e factor in tht^ weiir, but, as 
just shown, the power transmitted for a given teiisiou is 
constantly reduced as the number of bonds increases. 

This feature is a decided disadvantage with installations 
on the continuous- rope system where one rope is bent in 
both directions arotnid a number of pulloys on the seventi 
floors of afjictory. Under such conditions, and also in thoao 
a|xtcial eases where it is absolutely necessary to run pulleys 
smaller than that obtained from the formula* D=d^'' x 
f'r+t'J", the user should put in the vory best quality 
of loosely twisted rope and run it at a less stntin than 
would otherwise be ado]ited ; for under sueh conditions the 
flexibility and elasticity of the rope aro more desinible than 
n high breaking strengtJi. 

Wliile the foregoing formula of Eytelwoin may give a 
measure of tlie force required to bend a rope over a 
pulley under a certain set of conditions, it will be 
evident, since the conditions vary considerably in dif- 
ferent installations, that, in order to be genendly appli- 
cable to any given case, a formula must contain other 
factor.s than those included in Eytolwcin's and other simi- 
lar forniulEe. In a flying rope running in V grooves, in 
wldition to the bunding nf the fibres there is a permanent 
re<luetion in cross-seelion, duo to the uniform compression 
of the r0])e, as will be noticed by measuring a rope that 
has been running some time; besides this there is a tem- 
porary deformation due to the distortion of the rope as it 
passes over the pulley. 

• Ste piige 171). 
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Tlie flexibility and olasti(»itv of the rone luuloubtedlv 
liave much to do with the resistance to bending, and the 
degree of twist put into a rope is an important factor in 
this connection; for although hard twisted ropes are very 
mucli stronger than those loosely twisted, the internal 
wear is much greater, as the fibres are held more rigidly 
and do not slidu as freely upon each other. Tiie advan- 
tages of lubricating the fibres of a man ilia rope have been 
already discussed; it is sufficient to state here that the 
degree of lubrication affects the flexibility of tlie rope, and 
hence enters as a factor in determining the loss due to 
])ending. The varying angle of contact and, to a lesser 
extent, the angle of the groove, must also have a certain 
influence upon the resistance. In view of these considera- 
tions it will be seen that any deductions from existing for- 
mulae are of doubtful utility when applied to transmission- 
ropes in use, and shoulc be considered only as relative, and 
not absolute. 

Another source of loss is that due to the wedging of 
the rope in the groove. Although this action exists to a 
greater or loss extent in all rope transmissions where the 
shape of the groove is such that the rope does not bottom, 
yet it is undoubtedly true that its effect in a well -con- 
structed plant has generally been over-estimated. That it 
does exist to a harmful degree can be seen in many instal- 
lations from the way in which the tight side of the rope 
follows upon the driven pulley. With the single-rope 
method this is especially true in new installations, where 
tlie tension is purposely made rather high to allow for 
stretch in the rope; it is, howev^.r, frequently found in the 
continuous-rope system where the tension-carriage is over- 
weighted. The factors which enter into the consideration 
of this loss are: Tension on the driving and slack sides of 
the rope, the angle of groove, and the velocity, weight, 
jind condition of the ropes. As we have previously shown 
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(pago 133), tlie driving-side tension T, is made op of tlireo 
parls, niimely, t)ie driving force P, tlie centrifugal force 
F^, iind the tension T^, necesaurj to balance tlie strain for 
adhesion; tliat is, 

7", = p + /". -I- r,. 

In liko manner the tension in the slack side of the rope 
consists of tJio sti-iiin necessarj for adhesion plus the 
strain due to centrifugal force, that is, 

r, = T, + F,. 

It has beon claimed that no loss can occur in pulling the 
rope out of the groove, eince the centrifugal force set up 
in the rope is muny timea greater thun any caused by tlie 
tension on the slack side when leaving the pulley; but it 
is obvious that a part cimnot be greater than the whole, 
and therefore the centrifugal foi'ce, while greatly reducing 
the wedging foi'ce, cannot altogether eliminiite it. 

An abnormal dfgri'c of slack-side tension has a direct 
effect upon the wedging of the rope in the groove, for if 
sufficient sag is not allowed and the slack-side tension is, 
therefore, needlessly great, it follows that the power trans- 
niitti'd will be reduced, since the driving force, P, is equal 
to the difference of the tension in the two portions of the 
rope = 7", — 7',; on the other hand, the force drawing the 
rope into the groove will be increased, since the force 
cquula 

T, — F,-y 'i\- F*= P-\-T,-\- r, 
= P + ZT,. 

It ia obvious, therefore, that the alack -side tension 

* Alibougli thR cemi'ifuy^ul force iucreasea llie leuslon in tbe rope. 
fu teiiilenrv U In cause ttie latter lo leave tbe pulley, bdcI llicrcforc 
It »boitld uot be cODsUIered m n pxrt of Ibe forces drawiag ibc rope 
liilo llic groove. 
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sliould be uo greater than just sufficient to give adhesion 
to the ropes and prevent undue slip at the desired speed. 

As to the best angle for the groove in the pulley^ opinion 
is still somewhat divided; but in England the general prac- 
tice seems to favor an angle of 45^ as the most suitable.* 

In the earlier installatious a more acute angle was used, 
as evidenced by the discussion of Mr. Durie's paper on 
Kope-driving^ presented to the British Institution of Me- 
chanical Engineers.! Grooves having an angle of 30° had 
been tried, but it was found that the wear on the rope was 
altogether too great; 40° was a very satisfactory angle, and 
is still preferred by many engineers, while others use as 
large an angle as (50°. Occasionally half-round grooves 
are used; but with semicircular grooves on cast-iron 
pulleys either the tension in the rope must be increased 
or a greater number of ropes must be employed: in any 
cai^e the advantage seems doubtful. With wooden-rimmed 
pulleys, however, the semicircular groove is the better 
form; for since the coefficient of friction on the wooden 
pulley is from thirty to fifty per cent greater than for a 
similarly shaped groove on an iron pulley, it follows that 
the tension in the rope need not bo so great; moreover, 
wooden pulleys that have been in use for some time would 
indicate that the semicircular groove is better adapted to 
the work, for with anything but very light loads the angu- 
lar groove is soon cut out by the rope, producing a rim 
somewhat similar to the one shown in Fig. 57, which rep- 
resents an angular-grooved wooden pulley that had been in 
use but a few months. 

With a semicircular groove in the first place the latter 
will retain more nearly its original form, and the wear on 
the rope will be greatly reduced. 

The pliability of the rope has considerable influence on 

♦M. E. iu American Machinht, Nov. 10, 1892. 
f See Proc. lust. M. E. 1876. 
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the shape of the groove; while a 3U° angle may give the 
correct shape for a soft, loosely twisted cottoii-i-ope, n liarder 
twibt niuy I'cquire an angle of 40° or even 5U°; in the saniu 
wiiy a 40° groove may be all right for some niiikes of niu- 
iiilln rope, while otJiers of a less yieldiug nature would give 
better results if uii iiiigle of 50° or even 60° were used. 

At the present time there are very few pulleys used in 
this country, except for machine bandd, having grooves 
with an anglu less tlian 40°. Formerly the Yule & Towne 



Fig 57 



Mfg. Co employed grooves of 30° for small cotton ropes 
(about 3 inch m diimeter) driving their tnivelliug-cranes; 
but these kck suUsequently changed to 50°, and at the 
same time I iij,er lOpoa 1^ inch, were adopted. 

For manilla lopt drives one large mannfikcturer uses an 
angle of C0° on all his pulleys, whether of wood or iron; 
tiiis itugle wiiB arrived at after much trial, and represents an 
experience with munilht-rope transmission, covering a great 
many years. 

The most suitable angle of groove is that which affords 
the greatest frii'tionul adhesion without undue slip, and at 
the same time offers the least roBistance to the rope in leav- 
ing the groove: with much slip t!ie rope ia rapidly worn 
out, while with an excessive grip the wear is iilso rapid, and 
a relatively large amount of force ia absorbed in overcomipig 
the wedging. The usual practice in this country for both 
cottoaand niunillii ropes is an angle of 45"; in many cases 
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Fig. 58. 



the section of the groove is formed by arcs of circles, hav- 
ing a radius equal to from 3 to 4 diameters of rope^ iu wliich 
case the included angle is constantly changing, and the co- 
efficient of friction, and hence the grip, will vary with the 
diameter of rope used. Thus iu Fig. 58, if AB and A'B' 

represent two 
^^fl,^^.^ ropes of slightly 
different diame- 
ters running over 
a grooved pulley, 
the one which 
sinks deeper into 
the groove will 
include the 
greater angle of 
contactJZ?C,and 
hence the lesser 
coefficient of friction. This will hold true of two ropes hav- 
ing the same diameter but different degrees of twist: the 
harder rope will not sink as deeply into the groove, and its 
coefficient of friction will be greater than that of the smaller 
rope, other things being equal, on account of the lesser 
angle in tiie groove at the point of tiingency of the harder 
rope. 

With the excellent ropes that are now being made for 
transmission purposes this form of groove possesses many 
advantages, even with the continuous-wound system. 

In this svstem the tension is assumed to be the same in 
each wrap; but there is unquestionably a variation of pull 
due to momontarv fluctuations, which must either be ab- 
sorbed by the elasticity of the rope or transmitted through 
the rope until the strains are equalized. If the rope used 
is uniform in structure, that portion which receives the 
greater strain will be drawn more deeply into the groove; 
and if the latter be of the curved form, the coefficient of 
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frictiouwill be reduced: so that the rueultaut adhesion pro- 
duced in this portion of the rope will be less than tliat iu 
Bomu otlier part wliicb, uudor a lighter strain, occupies a 
positiou ou the pulley audi tliat its coefficient of friction, 
and consequent iidhesion, is greater for a given buck-tension. 
With the usual arrangement of pnlleys, namely, that in 
which the larger wheel is the driver, the tendency of an 
increuse in tension is to increase the velocity of the drireu 
pulley. If sevenil wnipn of u series occupy imsitions in tho 
grooves such thut witii a given mtio of pulley diainetei'9 
the velocity of the smaller pulley is twice Miat of the driver, 
any decrement, jt, of the effective radii of another wrap, 
which is drawn more deeply into the gmovee of tlie two 

pulleys, will alter the velocity ratio fioin -' to ^-— , a quun- 

tity which must of necessity be gro^iter than 3. Tlie teu- 
dency of this wrap then is to produce a greater velocity iu 
the driven pulley, which cannot occur without some slip in 
the other wrapa; but these wraps have a greater adhesion, 
and therefore tend to drive the pulley at a less number of 
turns per minute, which will produce slip in the more 
heavily atraiiicd member: hence the effect of any change 
in [Kisition due to sudden increased strain ou one wrap 
will tend to quickly adjust the tensions iu all positions of 
the rope and nentrulize any inequalities in driving eSort. 
This form of groove, as we shall show anbsequeutly, is even 
more desinible for the individual rope system, where the 
evils of differential driving aro frequeutly so pronounced. 
As notid previously, the frictional grip depends both 
upon the arc of contuct of the rope with the pulley and 
the ooedicieiit of friction, whioh latter varies with the angle 
of tho groove. In order, therefore, to produce the same 
friction ou each pulley, tlie product of the arcs of contact 
by their respective coefficients of friction must be equal. 
If, as before, we tiike the coefficient of friction of a well- 
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lubricated rope on a smooth, flat metal pulley equal to 0.12, 

the coefficient for the same rope in a groove whose angle 

ij 

is degrees will be = 0.12 cosec-,; lience with arcs of 

/^ 

contact a and a' we should have for an equal grip on each 
pulley 

(pa = (p'a'y 

0.12 cosec - X a = 0.12 cosec —Xoc, 

assuming that the multiplier 0.12 will give the correct co- 
efficient of friction on each pulley, since the percentage of 
slip is to be the same. 

As the numerical value of the cosecant of an angle varies 
inversely with the angle, it will be obvious that the pulley, 
having the lesser arc of contact, should also have the more 
acute angle in the groove. This property of rope friction 
is frequently taken advantage of in designing a plant, and 
it is not uncommon to find the grooves in the large wheel 
more obtuse than those in the smaller, especially when 
there is considerable difference in the diameters of the 
pulleys.* 

From the above equation there is obtained 

6 6' a' 

cosec - = cosec— X — , 

in which and a represent the angle of groove and arc of 
contact, respectively, on the larger pulley, and 0' and a' 
similar values for the smaller pulley. AVith the least angle 
of groove equal to 35°, 40*^, or 45^, the corresponding angle 
in the larger pulley should be as indicated in Table XIX, 
when the ratio of the arcs of contact is known. 



*Mr. T. Spencer Miller, of the Lirlij^erwood Mfir. Co., has been 
granted a ]>atent (U. S. patent No. 444919), upon the application of 
this principle to continuou.s- rope transmissions, in which with sheaves 
of different diameters more obtuse grooves are given to a larger wheel. 
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Table XIX.— Angle of Gkoov-e for KquAi Auhkbion. 



cof c 



n amall pulley _ 



Arc of coiitAct on large iiullej' 
Angle of groove iu larcc piilivy 

wbea groove In snnill pulley — 35' 
Angle of groove ill Inrge p«lley 

wlien grodve iu snmTl pulley =40' 
Augle of gioove ill lurge pulley 

when groove in snuiTl piilley = 45' 



0.9' o.» 


0.75 0.7 


«■ 41- 


74' er 


45' 50' 


54'! 58° 


50° 55 


fSO-j 66° 



56" 60° 
84'' 70° 



Of course an idler or binder pulley may be used to iii- 
creuae the arc of contact on the sraiiller piillej, »nd thus 
niuintain iiii (.'quality of grip on cuch pulley; bnt thiBdevico 
produces an objectionable reverse btnd in the rope, which 
should be avoided as much as possible in rope triknsmission. 
Botli of these arrangemcnta, as well as the winder-pulley 
previously discussed, are intended to prevent slip and at 
the same time obtain tho niaxiiniim adhesion for the least 
amonnt of back-tension without increasing the losses due 
to wedging iu the grooves, journal-friction, and wear in 
the rope. 

As pointed out by Mr. W. H. Booth,* although there 
may be sonic loss aud wi'iir duo to wedging in the groove, 
by far the greater loss is occasioned by the deeper wedging 
of one ropo as coniparci) with another, so ciiusing iliem to 
grip upon n different circumference, in whirl) case each 
rope tends to impart 11 diHorent velocity to the driven pulley; 
the actual rosultjiut vehx-ity will be a mean of the several 
velocities of the iudividn;il ropes, so that slipping and wear 
of some or all of the ropes nuist occur, due to the differen- 
tial driving tliu.s set up. 

With continuous rope transmissions this effect is not 
Boapparent,althoughite.\ists to a certair- extent on account 
of inequalities in the rope and varions mechanical imper- 
fections in the system; but in the English or independent 

* AmtHcan Maehinut, Dec. 6, 1868. 
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rope traiisinission its effect is very inarked, and is genenilly 
considered as the principal source of loss of efficiency in 
this system.* 

While there is undoubtedly a considerable loss which 
may be charged to this cause, it is also true that its effect 
may be greatly reduced by a careful study of the require- 
ments of the problem and an intelligent appliciition of 
correct principles to the case in hand. 

It is evident that in order to prevent slip and the loss of 
power incident thereto it will be necessary to obtain a uni- 
form velocity in the several ropes running over a pair of 
pulleys; to approach this desideratum each set of ropes 
should be of the same make and degree of hardness, of 
uniform diameter, evenly spliced, having the same amount 
of sjig in both members, and run over grooves of uniform 
diameter, shape, and smoothness. 

Obviously it would be impossible in practice to maintain 
all these conditions, even if it were practicable to overcome 
the mechanical difficulties and install a plant under the 
given requirements ; yet much may be done to effect the 
desired end. 

Uniformity of length is an important requirement, for, if 
one rope of a set be allowed a less amount of sag than the 
others, the sum of the tensions will be grenter in this rope, 
and in consequence it will be drawn more deeply into tiie 
groove; its pitch diameter will therefore be reduced and 
its velocity will be different from the others in the set, in 
which case if the driving and driven pulleys are of unequal 
diameters the tendency will be to give the driven pulley a 
different velocity, and slip must necessarily occur. 

The following from the American Machinist is pertinent 
to the subject: 

** It will be readily seen that in a set of ten or a dozen 



* Amevknn M'tdnnist, Dec. 1. 1892. 
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ropes, eacli of il somewhat diSeiciil length, the loss of 
powei' from this ciiiiec may easily become a very serious 
item, and to this there is to be added the correepondlDgly 
dimiiiisbed life of tlic ropes. A similar action occurs 
when worn ropes are allowed to work conjointly with imvr, 
even though the defleetimis, and therefore the lensions, on 
the several ropes are piaelicidly equal. In this ciise the 
loss due to abnormal tension and wedging of name of the 
ropes into the grooves is avoided, but tlie differential driving 
effect due to the ropes virtually running on pulleys of 
different diameters still exists, and is cqnaljy objcctiouable. 
It may here be noted tluit the effect of the differential 
driving upon the ropes depends to a very large extent 
upon the relative diameter of the two pulleys, 

" It is evident that, when the driving and driven pulleys 
are of tlie samo diameter, any variation in the effective 
pitch diameters of the several grooves will have no appre- 
ciable effect upon the transmission, provided that the 
diameter and Bhui>e of the corresponding grooves in the two 
pulleys are the same. It may be noted, however, that the 
worn ropes which run deeper in the grooves, having u 
slightly less velocity, are subjected to a somewhat greater 
stress than their newer and larger companions." 

With a form of groove similar to that sliown in Fig. 58. 
in which the sides of the groove are circular arcs of large 
radius, there will be a tendency to correct the differentiul 
driving, especially so when the driving pulley is smaller 
than the driven. In this case, if we assume that all the 
ropes in a set are put on with the sitme amount of sag, so 
that the tensions are practically equal for both old and new 
ropfs, any difference in diameter of ro[)e will cause the 
larger to carry more than its share of the load, since the 
effective radius of the pulley, and tlierefore the velocity of 
the rope, is greater; moreover, since the coefficient of fric- 
tion varies inversely with the depth of contuct in tills form 
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of groove, the larger rope is acted upon by a more inteuse 
grip, by reason of which more work is imposed upon it, 
while a smaller rope will be relieved of some of its work. 

The tendency of the larger rope is to turn the driven 
pulley at an increased velocity. Thus in Fig. 59 if D be 
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Fig. r>9. 



the driving-pulley and Fiha follower, witii respective diam- 
eters such tliat the vclocitv ratio is 1 to 3, then the 

r 

smaller ropes o will tend to drive F in the ratio i, while 

the larger ro])es, v working at a disttmce x further away 

from the centre of pulleys, will tend to drive Fm the ratio 

1 4- a* 

, and therefore at a higher velocity. The resulting 

velocity of the follower will depend upon the work done by 

each rope, so that some slip must necessarily occur; on 

account of the greater load taken by the larger ropes they 

will be rapidly compressed and worn: hence any initial 

variation in turning effort will be speedily reduced to a 

minimum by this equalizing process, whicii, although it 

incurs loss, ultimately insures a better distribution of the 

work with the least wear on the ropes. 

On the other hand, when the driving-pulley is larger 

than the follower the smaller ropes are drawn further into 

the grooves and t«'nd to impart an increased velocity to tiie 

driven sheave. Thus in Fig. GO the large pulley is the 

R 3 
driver and the velocity ratio is — = - with the smaller 
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ropes o; with the large ropes n, working at a distance x 

nearer the circumference, the tendency will be to produce 

3 + i* 

a ratio equal to z : hence the effect will be retardation. 

^ 1 + a: 

Since the larger ropes acting higher in the groove have an 

increased grip and speed they will exert a greater influence 

upon the smaller pulley; and although the smaller ropes 

may be drawn more deeply into their grooves in attempt- 
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R«3r 

Fig. 60. 



ing to drive the follower at a greater number of revolutions 
per minute their effect is lessened on account of the dimin- 
ished grip, due to the form of groove, in consequence of 
which the larger rope acts with a greater effect and the 
smaller with a lesser effect than would obtain with an ordi- 
nary V-groove under like conditions. 

To equalize the driving efforts of a number of ropes, and 
to prevent the slip which must inevitably occur with a 
solid-grooved rim, Mr. John Walker has devised and pa- 
tented * a *' differential '^ driving-pulley, since it allows the 
rojKJS to travel at different speeds suited to the conditions 
imposed upon each rope. 

Originally intended for cable-railway machinery, where 
the wear on the drums due to the wire cable is excessive, 
the differential principle has been extended to other uses, 
notably elevator sheaves and rope-transmission pulleys. 

In the latter the rope is led over a number of separate 



* Feb. 23, 1893. 
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lings, Fig. 61, adapted to turn loosely and independently 

of each other on tlie 

smooth circumfer- 
ence of tlie drum. 

While the ropo is 
passing over the pul- 
ley the tendency of 
the rings will be to 
adjust themselves to 
the strain in each 
member by moving 
around the circumference of the drnm. Thus the driving- 
ttntiion is equalized, and each rope is brought to do its own 
ebare of the work without slipping iit its groove. These 
rings have a iliamctriciil frii-tinn, due to the pressure of the 
rope in tiie groove transferred to the flat surface of tbo 
drum. In addition to tliis an adjustable rubber washer is ' 
inserted between the rim of pulley and loose flange, so that 
by tightejiiiig Una adjustable joint the sepiiratu rings are 
caused to exert enough presauj-e upon oacb other to pro- 
duce a certain amount of friction on the side surfaces, the 
combined friction of tiie several rings being siifl]cient to 
drive the pulley or ropea, as the case may be. In this way 
each rope hours ifs due sliare of the work, as the adjust- 
ment is such that the friction between the several parts 
is brought into oquilibriitm. 

In practice the axial rotation of the m\H3B will fi-equently 
exert a modifying influence on the differential driving, 
since, other conditions being unchanged, a rotating rope 
tends to maintain its circular form, and tbereforo will work 
less deeply into the groove. An additional advantage is 
that such rotation promotes the durability of the rope, as 
the wear is more uniform. 

The loss due to the elastic slip or creep of tlie bolt has 
some influence ujion tlie efficiency of tnineinission, but in 



ROPE-DniVISG. 17!} 

any faae its efffct iij wmall. When nil elafitic body, Buch 
AS a rope, is pUtt'ed under tension, it Btretcliee, and tlie 
elongiitioii, witliin tlie limit of elasticity, is proportional to 
tlic strain in the rope. Wlicn power is transmitteii from 
one pulley to another tlie driving side is subjocted to a 
greater tension tlian tlio slack side, in consi'iuenco of winch 
the velocity in the driving side will be nlightly greater than 
that in the slack i<idc, and the circnnifcrential velocities of 
the two pulleys will not be the same. This will be evi- 
denced from the fidlowing consideriitinns: 
Ijet T' = cii'ciinifercntta] velocity of driver; 

V = " " " follower; 

T, = teriwion in driving side of rope; 

T, = " " slack side of rope: 

A = cross-section of rope in t^juiire iuelieB; 

L = original length of a piece of the rope in either 
^ siiie in its normal condition: 

e = elongation in driving side dne to teuiiion 7*,; 

e' = '■ " sliick side due to tension T,; 

E = niodiiluB of elasticity of the rojm. 

When the rope ia al work e = -p^- and e' = -=^ so that 

the length of eacli member will now be L-\-e and L + e', 
respectively. The length of rope rnnningon to tliedriving- 
pnlley in a nnit of time will therefore he greater than that 

delivered to the driven pulley in the proportion - 1 — - „ and 

the velocity of the two pulleys will now bo 



(dinco T, = ■iQQiP pounds, and A = Q.8x-jil'), and A' = 
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40000,* we have 

320 , , 320 

e =: and e = : 

40000 2x40000' 

therefore 

^ 40000 

that is, the loss due to creep when all the ropes are working 
under norniul conditions is about one half of one per cent. 
With different ratios of driving to tight-side tension and 
different intensities of stress it is evident that this loss will 
vary in the different ropes; in any case the loss ought not 
to exceed one and a half per cent, as will be seen if we as- 
sume extreme conditions. 

For instance, let the stress on the rope be 600 pounds 
per square inch of section and assume the ratio of tensions 
equals one to five; with the most elastic long-staple cotton 
rope it is possible that the modulus of elasticity may be re- 
duced to 30,000 pounds; therefore, under these conditions, 
the velocity of the circumference of the driven pulley will 
be 

1+ ''^-- 
F=: 7X^^^ = 0.984 7, 

^'*" 30000 

thus representing a loss of 1.6 per cent. It is probable 
that one per cent is an ample allowance, even under un- 
favorable conditions. 

* See Reports of Tests on ManiUa Hope, Ex. Doc. No, 36, 1885» 
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CHAPTER XIL 



Tbe construction of rope pulleys ig a matter of con^^iiier- 
uble iinportaDCe, for it is evidout from whiit lias iireceded 
that tlie size, shape, and condition of the pulley atl <!xert a 
marked influence upon tlie eflicieiicy of rojH! t ran amission. 

It haa been siiown thiit the she of tlie pulley niuteiidly 
affects the wear of the rope; tlio larger the eheaves tlie less 
the fibres of the rope are Hexed, iiiid the less tiiey slide on 
each other; consequently there is less interuul weiir of the 
rope. 

The minimum diameter of the pulley, us piveii by dilfer- 
ent authorities, varies from thirty to forty times the diame- 
ter of rope to be used. P'orty times the diameter of rope 
for manilla is exoellfut pnietice, and experienct^ has shown 
that ii larger uiult.iiilier would be still better, as the larger a 
pnlley, the better for either belt or rope puj^sing over it; 
but sneh u rule, altlioiigii convenient to Uae, was evidently 
foundc'l ujioii hirgf-tiizcd rope^ riiiiiiiug at a high velocity, 
and a little consideration will uhuw that while forty times 
the diameter of rope may be all right for a two-inch rope, 
it is also true that a lesser proportion will give suitable di- 
ameters of pulley for u one imdi rope. If we take two ropes 
d, and d,, whose diameters arc one and two inches, respec- 
tively, and bend them over pulleys of the surie diiimetcr, 
the fibres in r/, will be stressed an amount equal to x due to 
the stretch and sliding of the fibres one npon anotlier. On 
the other hand, since the outer fibres in i/, are twice as far 
from the neutral axis, these fibres will i^tretch and slide 
upon each other to an extent equal to twice that produced 
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in the smaller rope ; but the relation of the areas of the 
two ropes is 

under the given conditions ; hence the total slip in the 
larger rope, due to tlie sliding of the fibres upon each other, 
will be eight times greater than in the smaller one, or as 

d* 

. J. Therefore, for equal extension and slip of tlu; fibres in 

bending a rope over a stationary pulley, it would a])pear 
that tlie pulleys should have diameters proporlioiuil to the 
cube of the diameters of the ropes. 

In the above considenition no account has been taken of 
the external wear, produced by slipping in the groove, 
wedging, rubbing contact, and other causes of loss which 
affect a running rope; for a given velocity these losses will 
incrciise with an increased speed of rotation, and hence will 
be greater with a smaller pulley, which would indicate that 
the diameter of the latter should not be directly propor- 
tional to the cube of the diameter of the rope. It is also 
evident that a rope running at 5000 feet per minute will 
be subjected to a greater number of bends and a greater 
external wear than it would if running over the same pul- 
leys at 2000 feet per minute. The first of these influences 
is recognized by many engineers who use a rule approxi- 
mating the following: 

For the least diameter of pulley, D, multiply the circum- 
ference of rope by ten times its diameter and divide by 
two. * This is practically equal to Z> = 15c/* inches. 

While we believe in using as large a pulley as possible in 



*Mr. Jus. (ramble in Textile Hto/rder, 
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any given case, conditionB will arise wlien it ia desirable to 
use the smallest possible diameter without excessive injury 
to t)ie roptt. In such case tlie iiidividual circumstancus 
should be considered by the designer. 

From the foregoing it is obvious that for a given ropo 
and teusiou the least diameter of pulley which may satis- 
factorily be used under known conditions should be de- 
pendent upon the velocity of the rope, and should vary 
with the size of the latter in such a muuncr that for any 
given speed the pulley diameter will be proportional to 
some power, greater than unity and less than the cube of 
the diameter of the rope. 

From an iuvestigdtion of numerous examples in o))eratioii 
under varying conditions, some of which work satisfactorily 
and others very poorly, it would seem that while the value 
IbiP may give a suitable diameter of pulley for a soft cotton 
rope of sniuU diameter, such a value is entirely too small 
for an eqnal-sizL'd manilla rope; but, on the other hand, 
iOfl is somewhat larger tliiin absolutely necessary for these 
ropes, iilthougli it is always desirable to use such a pulley 
if conditions permit. 

If for any reason it is necessary to adopt a small pulley, 
the least pitcli diameter for a sheave to be used with 
manilla rope working under an assumed teusion of 'iOOW 
pounds may be determiued from the following empirical 
formula, which is believed to represent the requirements of 
good practice: 

ZJ = rf|' X i'V+U", 

in which D = pitch diameter of pulley in inches; 

(/ = diameter of rope in inches; 

V= veloeity of rope in feet per minute. 
In order to simplify the use of this formula the follow- 
injr values of (/" and ^ V have been calculated as given 
in Table XX. 
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Table XXI gives values of D for ropes varying from } 
inch to 2 inches in diameter, running at 2000 to 5000 feet 
per minute. When the speed of the rope is not known the 
diameter given in the last column should be used for the 
minimum size of pulley; in fact it would be better to use 
these diameters, or even larger ones, in all cases, provided 
the constructive features in the plant will permit their ap- 
plication. With an increased tension in the ropes the diam- 
eter of pulley should be increased also. In the same way 
if the working tension should be less than 200^/* pounds, 
then the diameter of pulley may be less than here given. 
If cotton rope be used, the least diameter of pulley may 
also be taken somewhat less. 

Table XX.— Values of d>-^ and ^V. 



Dili, of rope d } 



Vulue of d}"^ 

Velocity of rope, V, in feet 
per minute. 

Value of fF 



} 


1 


U 


1.99 


If 


0.61 


1 


1.46 


2.59 


1000 


1500 


2000 


8000 


4000 


10 


11.4 


12.6 


14.4 


15.87 



2 



8.25 

5000 
17.1 



Table XXL — Least Diameter of Pulley for Given Diame- 
ter AND Speed of Manilla Rope. 








D-- 


-(d'')X i/r+12". 




Diameter 
•if 


Velocity of Rope in Feet per Slinute. 


Rope. 


2000 


3000 


4000 


5000 


f 


20 




21 


22 


221 


1 


25^ 




264 


28 


29 


U 


801 




88 


35 


37 


ll 


87 




404 


43i 


46 


If 


44 




49 


5;5i 


561 


2 


58 




58i 


63i 


67 
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Table XXIT.— Rope Pulleys roii Gkneiial Work. 



Diameter of Rope. . 



Diameter of Pulley 



} 


1 


H 


u 


If 


24 


ae 


48 

1 


60 


72 



84 



It is well to remember that the cause of many failures 
and much trouble experienced in rope-driving is due to 
the use of too smiiU a pulley for the size of rope and ten- 
sion carried, but we have yet to hear of a case where the 
diameter of pulley has been too great. When it is not ab- 
solutely necessary to restrict the diameter to the smallest 
possible which may be used, the least diameter should con- 
form to that given in Table XXII, which has been arranged 
for general work, and gives least diameters, to the nearest 
half foot, for rope-pulleys suitable for all speeds within the 
limits of good practice. 

When a close velocity ratio between driver and follower, 
greater or less than unity, is required, the pitch diameter 
of each pulley sliould be measured from the point of tan- 
gency of the rope in the groove, and not from the centre 
of the rope. For, if D represent the diameter of driver 
measured to centre of rope (Fig. 62), and /' the corre- 
sponding diameter of follower, the velocity ratio will be 

J) __ 2x 

vi — TT-f where x is the common vertical distance between 

/ — 2x 

centre of rope and point of contact. Where the pulleys 

are the same size it is obvious that the velocity ratio will 

not be changed, but as the difference in diameter increases 

the influence of x will be more marked ; thus if i> = 3F, 

the velocity ratio will be -^ — — , — ^a result manifestly 

3F 
greater than -77. In any case, the smaller the diameter of 
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pulleys for a given' velocity ratio, the greater the effect of 
the quantity x. 

In ordinary single transmissions it will be sufficiently 
close to assume the diameter of pulley as measured from 
centre of rope. 

APPARENT DIAMETER«D 
REAL. •• «[>-2x 




&7cc. B'. . (J 



Fig. 62.— Diameter of Pulley. 

It is evident from the previous considerations that the 
condition and shape of the groovtj is a matter of mucli 
importance: so generally is this recognized, that manufac- 
turers now almost universally turn their rims to special 
gauges and templets, which insure uniformity in diameter 
aud shape of groove. Special tools have been devised for 
turning the grooves, and one prominent manufacturer has 
constructed a special machine in which the rims are milled 
out. By this process some of the smaller pulleys are 
machined in one operation — as many cutters being used as 
there are grooves to be milled. Uniformity of pitch, diam- 
eter, and contour are thus insured independently of the 
operator. Formerly the bottom of the groove was fur- 
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iiishfjd witli apikeii, or the sides were cut into (Uigulur teeth 
in order to prevent the rope from slipping;* but a greater 
experience with rope-driving Jias shown tliat the whole sur- 
face of the groove must be purfuctly smooth, and should 
be carefully [loiished as well as mitchinud, since the tibres 
of the rope, if allowed to rub on a rough-turned or cast 
surface, will grudually break, fibre by fibre, and thus give 
the rope a short life. It is also necessary to avoid using 
any pulley with sand or blow holfs in the groove, as they 
are very destructive to a rope; wheu blow-holes occur, if 
not honeycombed excessively, they should be filk-d in with 
lead, or, preferably, Babbitt's metal; otherwise the pulley 
should not be used. 

Some rope-pnileya are simply cast and the rims smoothed 
up by holding a piece of ahiasive material, such as a bro- 
ken emery-whfel or grindstone, against the snrface of the 
groove while the pulley revolves at a high speed. Wliile 
tbis may produce a smooth surfact', such an expedient is 
doubtful economy; for no matter liow carefully a multiple- 
grooved pulley may be cast, it is almost impossible to ob- 
tain H rim all the grooves of wbicli arc true and of the same 
diameter: the result is that, with such pulleys, the ropes 
tend to vibrate and sway from side to side, rubbing against 
each other, and frequently against side-posts, walls, fioors, 
and other obstructions, which rapidly destroy the rope. 

Attempts have been made to produce a finished surface 
in the groove by casting the rim in an accurately turned 
chill, but such pulleys have not been as successful ae an- 
licipated. A form of pulley made by the Link-Belt Engi- 
neering Co. of I'hilHde1[)hia consists of an iron sheave cast 
in rings, some with and .some without arms and hub, from 
which a complete pnlley is built up having the requisite 
number of arms for strength, and at the same time being 

* WlllU : " Prioclptef of HccbaDism." 
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light and free from excessive shrinkage Btniina liable to ex- 
ist in wliGuls liavidg light arms iiiul heavy rims and hubs. 
The sheiives have a sliglit projection 
oil one side and cor responding re- 
ceeE on the other, with bolt-holus at 
the circumference, bo tliiit ii multiple- 
grooved pulley with any number of 
grooves may be readily built np by 
bolting the sections together as shown 





Flo. 63.— Buii.T-iip BoPE Pun.EY koh Lkiht Work. 
in Fig. 63. Thuse wheels are made from metal patterns and 
moulded in a three-part iron flask. The core which makes 
the groove is coiitinnous and of green siiiid, producing a 
Tery uniooth casting. The groove is finished with an em- 
ery-wheel swinging in a frame like a cut-off b:iw, the final 
finish being given by the use of emery and oil. While this 
process produces a singlc^rooved wheel more cheaply than 
by turning, it is doubtful whether from a manufacturing 
standpoint tiiere in any economy in the built-up wheel 
when we consider the degree of accunicy now obtained in 
moulding muitiiile-groovcd wheeln, anil the consequent re- 
duction of labor in turning tliem. 

Another special form of rojie-d riving pnlley is that made 
by John Mnagrave & Sons, Bolton, England, This pnlley 
(Fig. 64), it will be noticed, is extremely light, but is suffi- 
ciently strong for llio requireniurita. Tliis lightness is at- 
tained by the use of steel arms turned tiipering, and firmly 
MMored to the rim and the hub, which latter is split in 
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three segroetitB and ringed with steel. By tlic use of this 
form of pulley the shafts are relieved to a considerahle 
extent of the weight and cousequent friction entailed by 
the ordinary pulley, and there are no excessive shrinkage 
,»«»;..» t„ „^„t^..A ...iHi^ HB is usually the caae with the 
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1 form of single-casting pulley. In pulleys of this 
form, where wrouglit-iion and steel rods are used for arms, 
the ends of the rods should be dipped in acid and tinned 
before setting in the mould. In addition to this the rods 
are frequently headed np and grooves turned in the ends. 
The bottom of tlie groove in caat-iron pulleys is some- 
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times filled with wooden blocks dovetailed into a, cliaiinel 
CHst to receiye them, in which ciiae the rope runs on the 
bottom and tiic shnpe of the groove upproximates that 
shown in Fig. fi5; after 
being fitted and secured 
the groove is trned up and 
turned out to the desired 
iliape. Gutta-perchn, rub- 
ier, leather, tarred hemp, 
tnd other materials have 
been used for the same pur- 
pose; but in the best mod- 
ern practice a smooth caet- 
iron surface is preferred to 
any other, and we find these 
groove linings confined chiefly to pulleys used in wire-rope 
transmissions and hoisting-machinery. 

Of late years an all-wood rim with V or U grooves Las 
been used to some extent, as it makes a cheap pulley, and 
is very satisfactory for light work when a semicircular 
groove is adopted. Wooden rims, however, should not be 
used for heavy work, and tht- slip of the rope should be re- 
duced to a minimum ; otlierwise the grooves and ropes will 
be rapidly cut out and the whole system will be very unsat- 
isfactory. 

The proportions of rope-pulley rims depend somewhat 
upon the slia]>e of groove adopted. Some manufacturers 
have a standard groove, with straight eides, wliich may be 
used for several different-sized ropes, as shown in Fig. G6. 
For light work such a pulley is vei^y satiafiictory, and has 
many advantages in regard to constructive features not 
possessed by any other form. The groove shown in Fig. 
GT* is very commonly used in England, but in this country 

• !,ow anil Kevin. " M^ichiiii' Design," p. 154 
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mnnntactnrers of large lope-piilleys uBually prefer a form 
in wliicli the abrupt cliaiige in proiilc (ns at a) docs uot 
occur. Of tliese the more common form is a modification 




Pig. 68 —Rim Srctioss— STRAionx GnoovE. 
of the English section, in which the straight sides forming 
the unguliir groove are connected to the rib between the 
groOTes bj cnrves w in Fig, 68, 

Another form which has much in its favor, especiallj 
for the independent rope Bjstem, is the circular arc groove, 
in which the Bides are formed by avc6 <it lU-iXieaN 
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Working proportions for tliis groove are giyen in Fig. 
69, iu which the unit d equals the diameter of rope. It 
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Fio 67 —Rim Sbction— Enoush Form. 




Pio. «8.— Rim Section— Improved Ekolibh Koem. 

will be noticed that the centre for the curve is located at 

^the interBuction of a line drawn tlirongh the centre of the 
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rope at an angle of 32j° with the horizoutiil uud a line 
drawn through the tops of the dividing libe; the angle of 
the groove embraced by the rope ia thus dependent upon 
the position of the latter in the groove : in its normal posi- 
tion the angle ia one of 45°. The Walker groove, as now 
need in rope-pullejs made by Fmser & Chalmers of Chicago 
and the Walker Mfg. Co. of Cleveland, has its sides formed 
with circular arcs Bimilar to Fig. GO, but the angle of the 




Fio. 69. — RiM Section — ORotn-Es with Cmrri.Aii Aiics. 

groove is more acute; at the point of tangency when the 
rope simply rests in the groove the iiii<rle measures 33°, 

Rope-puUcya for onlinary transmissions uie usually flat 
on the inside of the rim, or sliglitl_v tiipered as shown by 
the full lines in Fig. 00. In large wheels, however, the 
rim is frequently swept np, and where the weight with a 
flat rim would be greater than required for t^trengtli or 
steady running, the inside ia hollowed out as shown by 
dotted line. This gives a more nearly uniform section 
and makes a stronger and ligliter wheel, but the expense of 
construction ia greater. Guidit-pnlleys or idlers should be 
made with n semicircular groove, so that the rope runs 
upon the bottom instead of being wedged between the 
Bides, aa in grip-pulleya. Some engineers maintain that 
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the wedge groove should be used in all cases, and many 
plants are in operation having V-shaped grooves in the 
idlers; but we believe tlie most satisfactory results will be 
obtained by using a groove in which the roi)e runs on the 
bottom. Of these there are two general forms — the one 
ill which tiie rope has coiisidenible play in the groove, and 
the other of such form that the rope is embraced by a 
portion of the surface of the groove: the first is used more 
particularly for single ropes, while the latter is adapted to 
any number of wraps. 

A modification of the first form is frequently used for a 
number of rojtes as shown in Fig. 70. 



r\ 



r\ 




Fio. 70.— Form of Groove for Guide Pullets. 

Tlie proportions shown in Fig. 71 will be found very 
satisfactory for single or multiple groove guide-pulleys, in 
which the pitch is equal to that used with the grip-pulleys 
represented in Fig. 69; the general design conforms closely 
to the latter, brt the pulley is somewhat lighter. 

For shaft-pulleys and the smaller sizes of fly-wheels not 
exceeding about nine feet in diameter the casting is usually 
made in one piece, unless a *'splif pulley is required. In 
order to relieve the wheel in cooling the arms were formerly 
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given a curved or S shape, as this form yields more readily 
and is Biipposed to conform 60 the aneqnal contraction of 
the rim and hub of the pulley in cooling. With properly 
proportioned wheels, however, and with due care in the 
foundry, straight- armed pulleys may be cast as strong as 
those of curved outline, and as the former are lighter, neuter, 
and cheaper than the latter they are now almost universally 
employed. In the larger singie-caBting pulleys the hubs 
are frequently split in order to favor the arms m coolmg: 




Pig. 71,— Form of Groove for Gi 



when split by a diametral plane the two portions at the 
hub are generally secured by bolts and nuts as in Pig. 72, 
or less frequently by pins and cotters; when split in three, 
wrought-iron or steel rings are shrunk onto the ends of the 
hub, which is turned to receive them, as represented in Fig. 
73. Occasionally rings are shrunk on and bolts used as 
well, but this precaution is not common practice. 

There is no general rule by which the number of arms 
maybe determined. For small rope-pulleys the number is 
usually six. while for the larger sizes six or eight arms are 
used tor pulleys cast in one or two parts; but these, in some 
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cases, have two sets of arms as shown in Fig. 74, which 
represents a 78-inch pulley made by the Robert Foole & 
Son Co. for the Providence Cable Tramway Co. The usual 
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1—1— — WH^^H 





Fig. 72. 





Fig. 73. 

run of wheels from 9 feet to 15 feet in diameter are cast 
in halves, six or eight arms being employed. 

Occasionally, however, narrow rope fly-wheels, of diam- 
eters up to 18 feet, are made in two pieces only, with eight 
arms. 
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Moderate-sized wheels arc frequeiitly cast in one, but 
arranged so as to be readily split in two afterwards. 



-«^sWn* 




Pulleys cast in halves having light rims should have 
double arms along the line of separation, as shown in Fig. 
75, which represents a form of split pulley made by Fair- 
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banks, Morse & Co.; this prevents nnduc bending action, 
and is otlierwise the better able to resiiit the effect of con- 
trifugal force due to the added weight at the point of 
connection. 

For diametura ranging from 15 feet to SO feet the asual 
practice is to make the pulley in sis or eight segments with 
as man; arniR, although some makers prefer ten segmonts; 
from 20 to 36 feet ten segments are ususilly adopted. For 
wheels from abont 36 to 33 feet twelve segments and as 
many arms are generally nsed, while larger-sized wheels are 
built up of fourteen, sixteen, and even more segments — 
sometimes as many as twenty-four being employed.* 

When ropo-pulloys are m:ide in halves or are built up it 
is importjint that the connecting bolts and flanges in the 
rim should bostrongenough to resist the maximnm stresses 
that may occur in the joint. 

Ordinarily in rope-pulleys the net section of bolt area is 
about 12 percent of the sectional tlie joint, but this rangos 
from 25 per cent to about (i per cent in different cases. 
Various shop rules are uced by designers for obtaining the 
bolt section, many of which give the bolt area directly in 
terms of the cross-section of the rim. While such fonnulie 
niiiy give aiitisfactory results for an assumed average rim 
speed, it is better to design the joint in large wheels from 
a consideration of the particular conditions in each case. 

In very slow-moving iieavy wheels the principal stress 
niiiy l>e that due to the weight of the wheel itself, but in 
rop«-pullejH and fly-wlieels the rim has usually a high 
velocity, and the strain due to centrifugal force in the rim 
is the principal factor in determining the bolt section; it is 
obvious, however, that in high-speed heavy wheels both 
influences should be fciken into considonition. 

Tlie tension in the rim pi-odnced by centrifugal force is 

• AmiTie-m i[,ichinUt. Feb. 10, 1883. 
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equal to one half ttie centrifugal force Aao to the weight 
iind velocity of the rim multiplied by the ratio of diameter 
to Bemi-circumfereQce, or equal to 



Ab tluB forco is resieted at each end of a diameter, the 
strain 7\, or hoop-tension, acting at either end will be one 
half the above; hence 



in which F, has the usual value 0.00034 WRJf\ 
where W = entire weight of rim; 

R = effective radius of rim in feet; 
N= revolutions of wheel per minute. 
The tension at each end of a diameter dne to the weight 

of the rim is evidently equal to n(~) > therefore the stress 

in the rim due to F and IT will be 



-Ma4-i(E' 



r)^(5+f)- 



If the bolts could be placed at the point 
of application of this foi-ce, their effective 

Btction A would be '^, where/is the allow- 
able stress in the bolts. 

In the actual construction the centre of 
bolts roust be placed at some distance 
from the point of application, in which 
case the bolts ai'e subjected to an addi- 
tional strain due to the bending moment 
at the joint, us shown in Fig. 76. If this bending 
moment is taken up by the rim, the bolt section will be 



Fio 76. 



ROPK-DRIVIKO. 197 

^as before; but if the rim and bolt flanges are rigid and 

resist any deformation^ the total strain comes upon 
the bolts. Under these conditions the net section A 

may be obtained by multiplying j by the ratio of the 

leverage y of the force S to the leverage x of the resist- 
ance in the bolt; hence if we assume that x = ^y, a com- 

mon value, we shall obtain A = 2-., 

By using studs with nuts at each end the bolt may bo 
placed nearer the rim, in which case, for the same depth of 

flange, the ratio - may be made less than 3. In order to 

obtain ample strengtl) at the rim, the bolt section should 
be determined on the supposition that the full bending 
moment will be thrown upon the bolts. In this case the 
bolt- flanges or lugs must be able to resist any bending due 
to the force S, The bolt-flanges will be as strong as the 
rim if we make the respective moments of resistance equal 
to each other; hence 

ii b = face of wheel; 

y = breadth of bolt -flange minus the width of bolt- 
holes; 

t = mean thickness of rim; 

i^ ^ thickness of bolt-flange or lug, 
then 

ibtY=ib'rf or /' = /^'. 

This thickness /' may be reduced somewhat if strength- 
ening ribs are carried from the rim to the lower edge of 
the bolt-flauge, as shown in Fig. ?G. In the above, I 
was taken as the mean thickness of rim reduced to a rec- 
tangle, and no account has been tiiken of the strength- 
ening ribs and flanges. If the leverage of the bolts is 
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assumed as oue half^ we may obtain the total net section 
of the bolts as follows : 






Since F^ = OmOMWKX', 



= |ro.oooio8 wax' + -J-1. 



In the above formula / may be taken equal to 6000 
pounds, for bolts up to 1^ or 1^ inches diameter, but for 
larger sizes 8000 to 9000 pounds may be used. 

If ^ = the mean thickness and b = breadth of rim in 
inches, the weight W may be determined from 

W=27tEx 12/^x0.26 
= 19.6 mb. 

If the rim is properly bolted, the principal strains to 
which the hub-bolts are subjected are those due to the 
weight of hub and arms and the tension produced by key- 
ing to the shaft. 

As the weight of hub and arms in large pulleys is usu- 
ally much less than the weight of rim, it will be seen that 
the strain on the hub-bolts duo to the weight and centrif- 
ugal force of these parts will be leas than that on the rim- 
bolts. 

In practice some makers design the hub-joint so that the 
net section of all the bolts is equal to the bolt section in 
one edge of the rim-joint; this, however, is not usual 
l)ractice. An inspection of a great many pulleys made by 
various manufacturers shows that the hub-bolt section is 
often twice as great as the rini-bolt section; but in many 
of these CJises the rim-bolting is very weak. 

It is safe to make the bolt area the same in each case; 
but if the rim-joint is made according to the method 
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indicated, the bolts in the hub will usually be sufficiently 
strong if their total effective section is equal to that in 
one rim joint: for light pulleys, however, this should be 
increased.* 

The section of arm for those pulleys in which the arms 
and hub are cast together is usually elliptical or segmental, 
aa shown iu Fig. 77, 




Fio. 77,— Sbctionb of Arms. 

The elliptical form us here givoii is so proportioned that 
Its minor axis is one h:ilf tta major; in the sogmentiil form 
the minor asis is four tenths tlio major. 

The croBS-section of the arm muy be determined by con- 
sidering it us a beam fixed at one end and loaded at the 
other with th& force P due to the pull of the ropes. The 
bending moment on ciioli arm will then bo 



X 






assuming that the load is divided equally among the num- 
ber of arms, X^- 

• For comiilel* HoalyHis of strains in fly-whccl rims, see Pmf. Uu- 
win's (]iiK^U!iiiii>u in IiIm "Mncliine PusIki'." 'i'I' '(- &lw. Mr. 
SlituwiHid's pagwr iu vol. xiv. Tmns. A S, M, E., wilh Prof, 

LallZu'li llllK'Ul>£iOD. 
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Since the bendiug moment is equal to the modulus of 
the section, Z, multiplied by the stress,/, in the material, 
we have 

For an elliptical section whose major axis is h and minor 
axis 0.4A, 



TC 



Z=-/i'XAh; 



hence 



32 



^=/X^X.4A* (18) 



If we let 7\, the maximum tension in the rope, equal 

T 
200(r pounds, and -^ = 2, we shall have the load acting on 

each arm 

P = 100^*^, 

where n is the number and d the diameter of ropes. 
Therefore by substituting this value of P in equation (18) 



there is obtained h = l/}^^^^. 

^ 0.04AY/ 

Assuming that/ = 2500 pounds per square inch for cast 
iron and that JV„ equals 6, we have 

h = 0.44 \/(PnD, 

where D = pitch diameter of pulley and h is the major 
axis of arm produced to centre of wheel, both in inches. As 
the smaller pulleys require a larger margin of strength, on 
account of their greater liability to breakage in handling 
and casting, the above formula should be modified by intro- 
ducing a constant; if we let this constant equal ^ inch, a 
suitable value for the width of arm will be obtained from 



h=:0A4:\/(l'nD+0.b 



// 



(19) 
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As tbe oentrifugJil force set u)! in the rim of the (lulley 
causes au adLliUouul stress in the inetul, tlio value of / 
should be chosen with reference to the speed at which the 
pulley is to run, The higher speed not only induces a 
greater stress io the niatcriiil, but the liiibility of failure 
due to yibration or shocks is greatly increased. The stress 
in the rim due to centrifugal force miiy be obtained by 
considering the pulley as a cylinder subjected to a force 
p{ = F,) per square inch. The thickness of a thiu cylinder 
to resist rupture may be obtained from 

2/ -/' 

in which t = thickness in inches; 

p = pressure per square inch; 
r = radius of cylinder in inches; 
y = allowable stress in pounds. 

In this case 

W= weight in pounds = 0.261 pounds per cubic inch; 
V = velocity of rim in feet per second; 
jr = 33.10; 

R — radius of rim in feet = rr^\ 

hence 

* 12 
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If F^ act ou one square incli of pulley whose thickness 
is uuity, we shall have 

/ = ^i^;^ = 0.097t^ 



32.1C 



V' 



= |-, very nearly; 

this is the stress in rim per square inch of section due 
to centrifugal force alone. 



When V in fe«»t per second = 
•• V minute = 

Stress /' in |K>und8 due to centrif- 
ugal tension = 


50 
3000 

250 


60 

360 


70 
400 


80 
4800 

640 


90 

5400 

810 


100 150 
6000 MOO 

lOOo' :2250 


aoo 

l;iO0O 
4000 



The stresses due to the pull of the ropes, and those due 
to contraction in cooling, are additional to those here given, 
hence / should be taken sufficiently low to allow for the 
various stresses which may be set up in the pulley. If we 
assume that the working stress should not ordinarily exceed 
3500 pounds per square inch for cast-iron pulley arms, and 
that it should be less for high speeds where the dynamic 
effect of shock and vibration is greater, a suitable value 
for cast iron may be obtained from the empirical formula 



/ = 



50000 

5+ ^V' 



From this formula the annexed values of / have been 
calculated; it will be noticed that the value of/ used in 
formula (19), namely, 2500 pounds per square inch, corre- 
sponds to a velocity of rim equal to about 3500 feet per 
minute. 



V«»locity of rope in feet per minute V = 
Allowable stresH / = 




1W«0 
'J9U0 



**'400 
3:00 



ii(m 4800 ' 6000 
24^0 I 2300 2150 
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IHie arms should tikjiev tuwan) Lhu rim ff incli per inch 
of length, that is, ^g on eiich side, bnt in no case should 
the width of arm at the rim be k'ss thim two thirds its 
width »t the centre of sliiift. 

Very wide piilli'ja in which the proportions for single 
arniB would bo inconveniently largu may be made witli two 
or three gt-ts of arms: in siicli cases they may be considered 
as two or thi-ce sepanite pulleys combined in one, except 
that tiie proportions of the arms should be 0.8 to 0.7 times 
that of single arm pnll«yn.* 

In designing the hubs of wheels practice varies consider- 
ably. Some authorities give the thickness of metal around 
the eye in terms of the pulley diameter only, others take 
into account the diameter of pulley and also the diameter 
of shaft or the breadth of face, while t)ie length is variouiily 
given in terms of the diameter of shaft or the face of 
pulley, or both. 

For rope-pulleys if the thickness of metal in the hub is 
made proportional to the diameter of pulley and also to the 
diameter of sliaft, and if the length of hub is made to vary 
with the number and size of ropes and the diameter of 
shaft, we believe the reqiiiremeuts of etrcngtii and good 
proportions will be best attained. 
It Z> = diameter of pulley, 
d, ~ " " sliaft, 
dj = " " hub, 
d = " " rope, 
)( = number of ropes, 
L^ = length of hub, 
then the diameter and length of hub may be obtained 
from the followiug formula', which have bey n deduced from 
the proportions of a large number of rope pulleys made by 
representative manufacturers: 

" tteulcutix, " Co n 3 1 nil- tea r. " 
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and 

Li, = OMn + rf. + i". 

For loose or idle pulleys the diameter of hub may be 
made less than that given by the above formula, which 
allows for keying. In general the thickness of metal 
around tlic eye in an idle pulley may be taken as about 
two thirds as great as that in fixed pulleys of the same 
diameter and face. The length of hub in idlers should be 
sufficient to give a good bearing surface, and may vary 
from two to three times the diameter of shaft — depending 
somewhat upon the speed of rotation. 




Fig. 78.— Method op Joining Arms and Rim. 

In the construction of large ro])e-pulleys which are 
made in segments, the usual method is to bolt the rim sec- 
tion to the arms at the ends of the segment, as shown in 



78. 



Fig. 

When the rim segments are joined midway between the 
arms as in Fig. 79 the several connections are simplified to 
some extent, but with this method of connection there is a 
decided tendency for the joint to open under the influence 
of centrifugal force, which is increased somewhat by the 
weight of the connecting flanges and bolts. With the rim- 
joints at the junction with the arms, however, a rigid con- 
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nectioD between adjaceut arms is obtained^ and the centrif- 
ugal effect of the rim tends to increase the tension in the 
arm without opening the joint. 

Examples of both methods of connection are given in 
Figs. 80 to 92^ which also represent some of the details of 
construction in various built-up rope-pulleys. 

As will be noticed^ these built-up wheels are made with 
a large central boss or hub, usually in one piece, but some- 
times in two, provided with seats for the arms, or bored, 




Fifl. 79.— Method of Joining Arms and Rim. 

either tapering or straight, to receive the ends of the arms, 
which are turned to fit the holes. 

The arms are usually of round or elliptical section, cast 
hollow; but other forms are common. IHius in Figs. 85 
and 90 the arm is of cruciform section, while in Fig. 81 a 
modification of the H section is used. 

In Fig. 80 we have an interesting form of wheel patented 
some years ago by Mr. James Barbour, of Combe, Barbour 
& Combe, Belfast.* The rim of the wheel is made in seg- 

^ Engineering, Sept. 7, 1888.; 
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menta, and ie attuclied to the boss or bub by meanB of the 
bolts or tie-rods d, extending from the nm to the boss as 
shown, and passing through the arms, which are made hol- 
low for the purpose. The rim and hub are recessed to re- 
ceiye projecting piecss a'a' on the ends of the arms. The 




head of the tie-rod d' can be made to form part of the 
periphery of the wheel. The tie-rods have slots formed in 
their inner ends to receive keye f>', which keys are passed 
into the hub through bolus parallel to the axis of the shaft, 
and in this way the rim of the wheel is secured to the hub. 
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The object of the arrangement is to obviate the use of 
a number of bolts for connecting the rim to the arms; 
moreover, the tie-rods withstand the centrifugal force of 
the rim, and the wheel can be driven with safety at a 
high rate of speed. The usual projections from the 
principal surfaces are also eliminated, and the currents 
of air generated by the high velocity of the rim are less- 
ened. This latter feature is one the value of which is be- 
coming more recognized lately, especially in rope-driving, 
when a high velocity of rim is especially advantageous. 

To lessen the fan action set up in a large fly-wheel, we 
frequently find the arms boarded up, provision being made 
for this in the wheel. 

Fig. 81 represents a fly-wheel 30 feet in diameter made 
by Hick, Hargreaves & Co., Bolton, for a 1000 horse-power 
condensing-engine.* The weight of the wheel is 54 tons. 
The rim is 6 feet wide, and is grooved for 27 cotton ropes 
5 inches in circumference, or nearly If inches in diameter, 
at 2i inches pitch. The grooves are shown in detail 
at (a). 

The rim is constructed of twelve segments with twelve 
arms. The segments are planed at the joints, and are 
bolted together with eight bolts and nuts, of which the 
two next the arms are IJ inches in diameter and the others 
are 1 finches. Each arm is secured with four 2-inch T- 
head bolts and nuts to the rim segments, two to each of 
two segments. The boss, nave, or centre, shown in sec- 
tion at (b), is 6 feet i inch in diameter, or 7 feet across the 
platforms, or slightly raised plane surfaces, on which the 
arms take their bearings. It is 18 inches wide at the rim 
and 2 feet wide at the bearing on the shaft. Twelve sock- 
ets are bored out to receive the ends of the arms. The 
arms are formed approximately of H section, as at (c), and 

* D. K. Clarke, "Steam-Engino," vol. in. 
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measure 14 inches by 9 inches at the centre and 6^ inches 
b; 6{ iuchoB at the rim. They are turned conically to fit 




Fia. 83.— TwENTY-FouR-FooT I{oPE-wHKKi„ (Walker.) 

the holes in the centre, tapering from 12 inches in diam- 
eter at the outer ends of the sockets to 7^ inches at the 
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inner ends in a total length of 2 feet 5 inches. The arm 
is keyed into the centre with two cotters^ each 24 inches 
long, 1 inch thick, tapering in width from 3i inches to 3J 
inches, or i inch in 24 inches. They are driven in one 
from each side of the nave reversely, and make up a 
united width of 6i inches. To join the rim the arm is ex- 
panded into a flat flange 21 inches by 18 inches and 4 
inches thick, through which the four bolts already named 
are passed. The opening at the centre is 25 inches in di- 
ameter, or 2 inches larger than the shaft. The wheel is 
fixed on the shaft with six keys 5 inches wide and If 
inches thick, bearing on six flat seats formed on the shaft, 
with a taper of i inch to the foot. 

Fig. 82 represents a somewhat similar method of con- 
nection employed by the Walker Manufacturing Company, 
Cleveland. In this pulley the arms are of round or pipe 
section, and present a much neater appearance and better 
proportions than obtain in the previous pulley. 

This wheel was made for the Baltimore City Passenger 
Railway Station, and is 24 feet in diameter, 30 inches face, 
grooved for ten 2-inch ropes at 2J inches pitch. The de- 
tails are shown in Figs. 83 and 84. 

The centre is a single casting 5 feet 6 inches in diam- 
eter, bored to receive the arms, of which there are ten. 
Each arm is 10^ inches in diameter near the hub and 8 
inches in diameter near the rim, where it is expanded into 
a flange and bolted to the rim segments. The bolts con- 
necting the arms to the segments and the segments to 
each other are all turned ]|{ inches in diameter, and fit in 
drilled and reamed holes. 

The shoulder on the arms at the hub is 15 inches in di- 
ameter, and is faced to fit the machined seats on the boss. 
By this means perfect alignment is obtained, and no 
motion of the parts is possible unless the key shears. 

Fig. 85 represents a rope-pulley designed by Mr. F. Van 
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Vjq. 88.— Detaii.8 of Pri.i,ET brown in Fio. 8!}. Sectiok ok Arm. 
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Vleck for the San Diego Cable-iiiilroiid Power-station.* It 
ia 25 feet in diameter, 424 inches face, grooved for twelve 
3-inch cotton ropes at 3^ inches pitch. This drnm is com- 
posed of ten separate segments and ten arms, bolted and 
keyed midway in each segment. Tlie central hub is 4^ 




feet in diameter across flats, and is proportioned, as in fact 
the whole wheel is, with special regard to lightness. 

Tlie designs shown in Figs. SG to 89 are for the large 
rope-pulleys used in tlieFifty-fiiat Street and Ilouaton Street 



9. A. S. ] 
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Fig, 87 — THiBTY-TWO-rooT Rope-wheei,. (Walker Mfg. Co.) 
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Pia. 88.— THiBTT-TwoyooT Rope-wheel. (Walker Mfg. Ca) 
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stations of the Broadway Cable Boad. Tlie first wheel. 
Fig. 86, is 'i2 feet iu diameter, 37i inch face, and is grooved 
for 13 cotton (Lambeth) ropes 2 inches in diameter, 2} 
inches pitch. The speed of tlie ropes is very low — only 
1877 feet per minute. Mr. M. W. Sewall * gives the fol- 
lowing particulars regarding the details of this wheel, as 
at first designed. It will be seen by reference to the figure 
that the arms of the drum are secured to the centre by 
clamping two turned portions on the inner end of eacli 
arm, between heavy cast-iron disks, one of which is cast 




as a flange on the hub and the other acts as a fol- 
lower. These are bolted up a slight distance apart, and 
the holes for the arms arc bored accurately to fit the turned 
portions of the same. The bolts are then loosened, the 
arms put in pliice, and the follower bolted hard up to the 
hub flange. A taper pin is then driven into a reamed hole 
through each arm and the parts of the centre, and held in 
place by a nut. The arms and the centre are then practi- 

* For complete description ot tlie cable-tlrlviug mocbiDcry Bee 
Ameriean MaclUnkt, Mny 34 nud 81, ItM. 
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Fig 91 —Section of I^^iimt seven toot Wnsu. 
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cally one piece, and no working of the parU among theiM- 
eeWes is possible. None of Uie bolts secure an indiTidaal 
arm, and no stress transmitted to tlie centre through the 
jirms brings nxiy of them into direct tension ; several bolts 
might be broken without detriment to the strnctnre. This 
drnm would be improved, so far as conveaieDce of mana- 
facturc is concerned, by a ahonlder on the arm to detei-- 
miue its distance from the centre when assembling in the 
shop. The arms are attached to the rim in the nanal man- 
ner, but lire nitlier liglit in proportion to the rest of the 
design. Tlicso pnlleys were redesigned to suit the contrac- 
tor for the work. The Walker Manufacturing Co. of Cleve- 
hmd, and were constructed in a manner similar to that 
shown in Fig. 87, except that single arms and centre were 
used. 
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Figs. 87, 88, and 89 represent the 33-foot drums used in 
the Houston Street station, and are much wider and 
heavier than those used in the Fifty-first Street station. 
As win be noticed, these drums are 8 feet 4 inches (ace, 
grooved for thirty-four 2-inch ropes at 23 inches pitch, and 
arranged with two sets of arms and two centres. The weight 
of each puHuy is 104 tons. 

As constructed, the arms have heavy Aanges bolted to the 
centre, into which a turned projection on the end of the 
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arm is accurately fitted. In addition to this two of the four 
bolts securing each arm to the centre is turned to fit reamed 
holes in the boss ; these bolts thus act as dowels and pre- 
vent any working of tlie parts. The bolts are calculated 
to resist the maximum tension in the arms, and are 2j\ and 
2i inches in diameter ; in tlie same way the arms are bolted 
to the rim, two of the four bolts fitting in reamed holes. 
The arms are of hollow elliptical section 15 by 10 inches at 
the hub, and 10 X 7i inches at the rim. Each centre in 8 
feet diameter across flats ; tliey are bored 26 inches in di- 
ameter, and are 3 feet long in the bore. 

Large rope-pulleys from 20 to 32 feet in diameter are, 
when extra wide, frequently made with two centres as well 
as two sets of arms, as just noted in Fig. 87. This is also 
seen in Figs. 90 to 92, which represent a rope-driving wheel 
26 feet 9 inches pitch diameter, 8 feet face, grooved for 
twenty-four 3-inch ropes, at 33 inches pitch. This pulley 
was designed and built by Robt. Wetherill & Co. of Ches- 
ter, Pa., and consists essentially of two separate and inde- 
pendent drums, flanged and bolted together at the rim. 
Each centre is made of two separate disks 6 feet 6 inches 
in diameter, bored and faced on the inside. The arms, of 
which there are twelve, are of cruciform section between 
the boss and the rim, where they are flanged and bolted to 
the rim segments in the usual manner. At the centre the 
arms are wedge-shaped, 8 inches thick, and are so propor- 
tioned that when accurately planed and fitted they form a 
complete circle. 

These arm segments are then bolted between the two 
centre disks, and make a strong and compact hub. 
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